Methods for predicting the influence of intense sound, steady flow, and elevated temperature on the acoustic performance of automotive exhaust system components by Oboka, Richard Chuka
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
1973 
Methods for predicting the influence of intense sound, steady 
flow, and elevated temperature on the acoustic performance of 
automotive exhaust system components 
Richard Chuka Oboka 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Mechanical Engineering Commons 
Department: Mechanical and Aerospace Engineering 
Recommended Citation 
Oboka, Richard Chuka, "Methods for predicting the influence of intense sound, steady flow, and elevated 
temperature on the acoustic performance of automotive exhaust system components" (1973). Doctoral 
Dissertations. 200. 
https://scholarsmine.mst.edu/doctoral_dissertations/200 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
METHODS FOR PREDICTING THE INFLUENCE OF INTENSE SOUND, 
STEADY FLOW, AND ELEVATED TEMPERATURE ON THE ACOUSTIC 
PERFORMANCE OF AUTOMOTIVE EXHAUST SYSTEM COMPONENTS 
by 
RICHARD CHUKA OBOKA, 1941-
A DISSERTATION 
Presented to the Faculty of the Graduate School of the 
UNIVERSITY OF MISSOURI-ROLLA 
In Partial Fulfillment of the Requirements for the Degree 








The principal objective of this investigation was to 
study the feasibility of developing laboratory techniques 
for automobile-exhaust muffler design in order to reduce 
ii 
the amount of on-vehicle trial-and-error testing currently 
required. The investigation included (1) improving the 
capability of existing laboratory equipment to simulate the 
conditions in automobile exhaust (i.e., high-amplitude pres-
sure waves, steady flow, and elevated temperature), and (2) 
theoretical and experimental studies of typical acoustic 
elements (side-branch resonators, expansion chambers, 
louvered tubes) used in muffler design. The sound fields 
used for these studies included pure tones, single pulses 
(tone bursts), random noise, and simulated automobile 
exhaust noise. 
Empirical correction factors, which adequately accounted 
for the effects of both finite~amplitude waves and flow on 
the impedance of side-branch resonators under pure-tone ex-
citation, were obtained , Using these empirical correction 
factors, the theoretical response characteristics (in terms 
of transmission loss and insertion loss) were calculated; 
these results were in good agreement with the measured 
responses under anechoic conditions. Single-pulse excita-
tion was found to substantially increase the resistive 
portion of the impedance of side-branch resonators. Empiri-
cal correction factors applicable to side-branch resonators 
iii 
under single~pulse excita t ion were also obtained. 
Theoretical calculations of the reflection and trans-
mission characteristics of plane discontinuities in the 
presence of flow were made using small perturbation theory. 
The use of these reflection and transmission characteristics 
gave theoretical expansion chamber response characteristics 
which were in good agreement with measured values . The 
response of expansion chambers was found to be independent 
of pressure amplitude. 
Theoretical modeling of acoustic filters terminated 
with finite tailpipes is presented. Good agreement was 
observed between theoretical and measured responses. 
Sound generation by flow past a side-branch resonator 
showed a complicated dependence on the tailpipe length and 
flow Mach number, with regard to both magnitude and frequency. 
This ·"self-noise" of resonators, in the presence of flow, 
was effectively eliminated by placing a wire screen at the 
resonator neck. 
A simple prototype muffler showed some deviations from 
theoretical predictions when tested with simulated exhaust 
noise but did show good agreement with theoretical predic ~ 
tions when tested with both pure-tones and random noise . 
Improvement of the muffler performance was achieved by the 
use of a dissipative element in the muffler; an insertion 
loss of 20.5 dBA was obtained. A pratical muffler design 
and testing procedure, using simulated automobile exhaust 
noise in the l~boratory, is described . 
iv 
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The method presently used in the design of automotive 
exhaust mufflers is based on linear (elementary) acoustic 
theory and involves much on-vehicle testing of prototypes 
before an acceptable final product is produced. Much of 
the on-vehicle testing is necessitated by the inadequ acy 
1 
of linear acoustic theory in predicting the performance of 
a c oustic elements under actual operating conditions (fini t e -
amp l i t ude waves a nd a high-temperature flowi n g medium). An 
understanding of the effects of finite-amplitude waves, high 
temperatures, and flow on the performance of acoustic filters 
should enhance the rational design of automotive exhaust 
mufflers. 
The principal objective of this investigation is to 
further the understanding of the behavior of acoustic filters 
under the conditons which normally exist in automotive 
exhaust systems. This understanding should reduce signifi-
· cantl y t he on-vehicle trial and error design proc ess of 
automotive exhaust mufflers. To a c hieve this objective, a 
theoretical and experimental program based on laboratory 
measurements was devised. This program included theo r etical 
predictions and measurements o f transm i ssion l oss and 
insertion loss of basic acoustic elements (side-branch 
resona tors, e x pansion c hambers, louvered tubes), both 
individual l y and in combin ations with and without tailpipes . 
The laboratory measurements were made under static and flow 
conditions with pure tones (steady-state and single sinu-
soidal pulses), random noise, and simu lated automotive-
exhaust noise, and for air temperatures up to 200°F and 
sound pressure levels up to 150 dB (ref. 0.0002 ~bar). 
2 
3 
II . LlTERATURE SURVEY 
A. Sound Propagation in Circular Tubes 
In acoustic filter theory, it is often assumed that the 
acoustic waves consist of only plane waves and that no trans-
verse oscillations exist. For a given circular tube, how-
ever, the restriction that there are no transverse vibrations 
results in a critical frequency above which transverse modes 
set in. The critical frequency is dependent on the diameter 
of the tube as well as on the mode of excitation of the 
sound in the tube. Hartig and Swanson (1)* investigated 
transverse acoustic waves in tubes. Using a tube of radius 
7.46 em., they excited various transverse modes of vibrations 
and measured their corresponding critical frequencies. They 
thus established the fact that the critical frequency depend-
ed on the mode of excitation. 
The plane wave equation arises from the neglect of the 
higher order modes of vibration in tubes. This equation can 
be obtained from the general wave equation in cylindrical 
co-ordinates for linear acoustic theory, which is ~ given in 
terms of the excess (or acoustic) pressure by 
+ _1_ ~ + 
r 2 ae 2 
~= 1 ~ 
az 2 c 2 at 2 
*Numbers in parentheses refer to listings in the bibliography. 
4 
where p = acoustic pressure 
c = speed of sound in the medium 
r, z ,e positions in radial, axial and angular direc-
tions, respectively 
t time 
The above equation is governed by the following assumptions: 
1. No energy dissipation, due to viscous and thermal 
boundary layers in the tube, occurs. 
2. The medium is a perfect gas, and is homogeneous and 
isotropic. 
3. The excess (acoustic) pressure and density are small 
compared to their equilibrium values; (sound pressure 
levels of less than about 110 dB (ref. 0.0002 ~bar ) ) . 
4. The sound propagation in the medium is practically 
an adiabatic process. 
5. The propagation velocity is much greater than the 
flow velocity of the medium . 
The complete general solution of the above equation is 
given by Hartig and Swanson ( 1) and by Miles (2). The solu -
tion can be written as 
oo oo wmnr z 
p= L _L Jm C ){Pmncos(m8)+Qmnsin(m8)}exp{iw(t±v---)} 
m=O n-1 c mn 
where Jm = Bessel's functio n of the fi r st Rind 
w = citt~lar ·frequency 
wmn= circular frequency of the transverse v ibration 
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Poo,Pmn,Qmn arbitrary constants 
Vmn = phase velocity of the transverse vibration 
The circular frequency of the transverse vibration, Wmn' is 
determined from the relation (2) 
w a 
J~( mn ) = O, 
c 
m=O,l,2,·····,~ 
where a = radius of the tube. 
The phase velocity of the transverse vibration, Vmn' is 
determined from the relation 
Vmn = c{l-
For the simplest type of wave in which the acoustic pressure 
is symmetrically distributed about the z axis, it can be 
shown that the circular frequencies of transverse vibrations 
are given by 
Wmna 
J' ( ) = 0 0 c 
In this case, the first root of J 0Cwmn/c)=O establishes the 
condition under which no transverse modes propagate, viz: 
A > 0.82d 
where d=diameter of the tube. 
When non-symmetric excitation occurs, the smallest root of 
J~Cwmna/c)=O, m=O,l,2,····· establishes the condition under which 
no transverse modes propagate. This condition is given by 
A~ 1.7ld 
When there is a sudden change in the cross-sectional area 
of the tube, transverse mode~ of vibrations are set up at 
6 
the discontinuity in order to satisfy the boundary conditions 
at the discontinuity (2). 
If no transverse vibrations exist, the general solution 
for the acoustic pressure reduces to the plane wave equation 
p = P00 exp{iw(t-~)} 
B. Attenuation of Plane Waves in Tubes 
Acoustic waves traveling inside tubes exhibit some 
attenuation in phase velocity compared to waves in free space 
and also some attenuation in amplitude with distance tra-
versed in the tube. The decrease in propagation velocity 
and amplitude results from energy dissipation in the viscous 
and thermal boundary layers at the wall of the tube. 
Helmholtz (3), considering only viscosity effects, was the 
first to publish a formula for the decrease of propagation 
velocity in tubes. Kundt (3) conducted experiments which 
showed a greater decrease of propagation velocity than 
predicted by Helmholtz; he suggested that heat conduction 
effects should also be included in the analysis. Kirchhoff 
(3) later presented a theory which included both viscous 
and thermal effects for the calculation of phase velocity 
and attenuation coefficient for sound propagating inside 
tubes. Kirchhoff's formulas (3) are 
' 1 c' = c{l - Y-(Zw)~} 
r 
a = 
v' WL c~) c--j~ 
cr 2 
where 
y' v + (y-l } (v'/y)~ 
0 . 574 in c gs. units at 20° and 76 em Hg 
v ~/p 
v' = k/pcv 
~ = viscosity coefficient 
k = thermal conductivity 
cv specific heat at constant volume 
y = cplcv 
r = radius of the t u be 
w = circular frequency = 2Tif 
f = frequency 
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For air at 20°C and 76 ern Hg, Kirchhoff's expression for 
the attenuation constant is 
Fay (4) experimentally determined the attenuation con-
stant for sound waves propagating through a 0.749-inc h 
diameter tube in a frequency range of 0 to 5000 cps. He 
reported that the attenuation constant for the tube he used 
was expressible as 
a = 
(at 26.5°C and 760 . 5 mm Hg) 
He concluded that the attenuation constant consists of 
two terms; one as predicted by Kirchhoff's formula and 
proportional to the square root of frequency, and the other 
as predicted by Knudsen and proportional to frequency. He 
noted, however, that the additional attenuation which was 
proportional to frequency was much higher than Knudsen's 
value of attenuation due to molecular absorption. 
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Beranek (5) after examining the works of several inves-
tigations, concluded that Kirchhoff's formula increased by 
15% was in good agreement with the experimental results. He 
thus gave the expression for the attenuation constant as 
a = 
~ 
3.18 x 10_ 5 f 2 cm- 1 
r 
Simon (6) experimentally determined the attenuation con-
stant for a 2-inch diameter standing wave tube (which is the 
apparatus used for this work) and obtained good agreement 
with the expression given by Beranek. 
C. Acoustic Impedance 
The knowledge of impedance is of great importance in 
acoustic filter theory. The performance of acoustic filters 
depends on the impedance which they offer to acoustic waves. 
Many acoustic systems can be converted into analogous 
mechanical and electrical systems. However, the electrical 
analogue leads to a better understanding of acoustic systems. 
There are three acoustic impedances generally used in 
describing acoustic systems. 
related to one another, are 
These impedances, which are 
1. the "acoustic impedance", Z 
2. the "specific acoustic impedance", z=ZS 
3. the "radiation or mechanical impedance", Z =ZS 2 
r 
The acoustic impedance Z is defined mathematically as 
z = p 
- = R + iX 
u 
where 
p = acoustic pressure 
u = volume velocity = uS 
u particle velocity 
S = cross-sectional area of the tube 
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The symbol R denotes the "acoustic resistance", and is asso-
ciated with energy dissipation; X is the "acoustic reactance ' 
and results from the effective mass and stiffness of the me-
dium. The effective mass of the medium, which is analogous 
to electrical inductance, is the "acoustic inertance"; 
the elasticity or stiffness of the medium, which is analogous 
to electrical capacitance, is the "acoustic compliance". 
The unit of acoustic impedance is the acoustic ohm 
(kg/m 4 sec) while the unit of specific acoustic impedance is 
the "rayl". 
The specific acoustic impedance for the case of a plane 
wave propagating in an infinitely long tube can be shown (7) 
to have a value which is equal to the product of the density 
of the medium and the phase velocity of the medium. The 
specific acoustic impedance for this case is known as the 
"charac teristic impedance (or resistance)" of the medium. It 
is a very useful parameter when transmission of sound waves 
from one medium to another, or through a discontinuity, is 
considered. 
Another important parameter used in acoustic filter 
theory is the non-dimensional quantity called the acoustic 
impedance ratio. It is the ratio of the specific acoustic 
impedance to the characteristic acoustic impedance: 
l:'" z e . 
s = - = + 1.X pC 
where 
e = resistance ratio 
x = reactance ratio 
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Acoustic impedance is useful in the investigation of 
sound transmission through acoustic systems, tubes and horns. 
When only a portion of the system is being considered, the 
impedance of that portion is defined as the complex ratio 
of the pressure drop to the volume velocity in that portion. 
D. Resonators 
The theory of resonators was first presented by 
Helmholtz and later by Rayleigh (8). Since then several in-
vestigat6rs have studied acoustic resonators both theoreti~ 
cally and experimentally. Despite much devotion in the 
study of acoustic resonators, no complete resonator theory 
has yet been developed. This in part could be attributed to 
the diversity of conditions under which resonators are 
applied. 
An acoustic resonator, in general, consists of a cavity 
which communicates with the surrounding medium by an opening 
in the form of an orifice or a neck. The air in the orifice 
1 1 
or the neck of the resonator acts as the acoustic mass while 
the a i r in the cavity is the compliance of the resonator. 
Resonators are desi gned for optimum soun d absorption at a 
specific frequenc y called the resonant f requency . The 
theoretical resonant frequency of a resonator is given by 
where 
so = area of connecting orifice or neck 
v = volume of cavity 
i' (t + o) = effective length of neck 
.Q, geometrical length of neck 
0 = "end correction" for the neck 
The classical end correction , o=(l6/3n)r 0~1.7r 0 , as 
presented by Helmholtz and Rayleigh, was based on the 
assumption that the orifice or neck was located in an in-
finite baffle. Stewart and Lindsey (8), using the me t hod 
of Rayleigh, presented lower and upper lim i ts for the end 
correction as 
1 . 57r 0 < o < 1.7r0 
where r 0 = radius of resonator neck . 
They pointed out that as the length of the neck becomes very 
small compared to the radius, the end correction approaches 
the lower limit of 1 . 57r 0 . Bolt, Labate and Ingard (9) 
derived an expression for the end correction in the form 
o = ..c-t :c·. ~ 6 ) 
u " 3n r o 
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where 
o' = M~/(16p/3n 2 r 0 ) 
M~ = radiation mass of a piston in a finite wall 
p = density of the medium 
When a piston is vibrating in a wall, it acts as though its 
mass is higher than its physical value. Its effective mass 
is made up of its physical value and an additional mass 
which is known as the radiation mass or mass end correction. 
An analytical expression for the radiation mass, M~, of a 
plane piston in a finite wall in a tube is presented by 
Bolt, Labate and Ingard (9). They noted that the radiation 
mass, M~, approached the classical value of 16p/3n 2 r 0 when 
the ratio 
ro 
- · -+ 0 
R 
where R = radius of the tube. 
Ingard (10), realizing the fact that the end correction 
is dependent on the boundaries which surround the orifice or 
neck of a resonator, suggested that the end correction should 
be written as 
where 
oe = exterior end correction 
o· = interior end correction 1 
From theoretical considerations, he presented mathematical 
expressions and curves for the end correction on one side of 
an orifice or aperture as a function of geometry. The cases 
presented are (a) circular aperture in a circular tube, (b) 
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circular aperture in a rectangular tube, and (c) rectangular 
aperture in a rectangular tube. 
Lewis and Garrison (11) reported that an end correction 
of o=l.4ro gave best agreement between the theory and their 
experimental data. 
Morse (7) stated that the end correction could be given 
k 
o=0.8(S ) 2 where S is the area of the orifice. as 0 0 
In the vast literature dealing with the subject, there 
is practically no mention of the end correction for an ori -
fice terminated by a curved surface. In dealing with 
resonators as a side branch, the resonator neck communicates 
with the conducting pipe or tube through a curved surface 
and more often than not, the neck diameter is of the same 
order of magnitude as the diameter of the conducting tube. 
The resonators considered in this investigation are of this 
type; the neck diameter ranged from 0.75 to 1.5 inches while 
the conducting tube had a diameter of 2 inches. 
In the design of resonator mufflers, Davis, Stokes, 
Moore and Stevens (12) made the usual assumptions of linear 
acoustic theory with the further assumptions that: ( 1) 
the influence of viscosity is negligible everywhere except 
in the resonator neck; (2) the boundary layer thickness is 
small compared to the resonator neck diameter; and (3 ) the 
dimensions of the resonator n e c k a re small compared to the 
wavelength of the sound consi d ered. They also considered 
1 
the end correction to be given by o=0 . 8(S 0 ) ~ . They stated 
that wave motion in the neck and chamber of the resonator 
could be neglected if the neck and chamber dimensions were 
less than one-eighth wave-length of the frequencies of 
interest. 
A side-branch resonator can be represented by an 
acoustic impedance given by 
where 
Rb = resistance of side branch resonator 
Xb = reactance of side brance resonator 










= --3 (2J.lpW) 2 Tiro 
pw~' pc2 ~ 1 
= -
-- + 3(2lJpw)Yz 
so wV rrro 
= length of resonator neck 
= effective length of resonator neck 
radius of resonator neck 
= cross-sectional area of resonator neck 
= volume of resonator cavity 
= density of medium 
= coefficient of viscosity 
= speed of sound in the medium 
= circular frequency 
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Ingard (10) derived a similar expression for the resistance, 
which he modified from the results of his experiments. His 
expression defines the resistance as 
where 
!< (81Jpw) 2 ( 1 t ) +d so o 
t = geometric length of resonator neck 
d 0 = diameter of resonator neck 
1 5 
The reflection (R), transmission (T), and absorption 
(ab) characteristics are given in terms of the resistance and 
reactance of a resonator as 
IRI 2 = 
R2 + x2 
IT 12 b b (pc Rb)2 x2 + + 2S b 
(p~)Rb 
ab = (pc + Rb)2 + x2 2S b 
where 
s = cross-sectional area of conducting tube 
E. Nonlinear Effects Due to Intense Sound Levels 
Studies of the impedance of an orifice or an aperture 
due to sound propagation have revealed that both the resistive 
and reactive components of the impedance depend on the inten-
sity of the sound at the aperture. Sivian (13) was the first 
to develop an empirical formula for the resistive portion of 
impedance due to nonlinear effects. This expression is 
where 
R = R + pu _ 
0 2A 
Ro = linear resistance 
pu/2A = nonlinear portion of 
p density of the medium 
u = particle velocity in 
A = area of the orifice 
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the resistance 
the orifice or aperture 
Sivian also reported that the reactance encountered in 
his work was practically independent of the sound intensity 
in the aperture . Bolt, Labate and Ingard (9) made reactance 
measurements of small orifices and found that the orifice 
reactance was strongly dependent upon the particle velocity 
in the orifice . They also substantiated the behavior of the 
orifice resistance that was r eported by Sivian ( i . e . the 
increase of resistance with particle velocity). Ingard and 
Labate (14) explained qualitatively that the increase in 
resistance with intensity results from the steady circulation 
and turbulence generated in the region of the aperture. 
Bies and Wilson (15), using an impedance tube, investigated 
the acoustic impedance of a Helmholtz resonator at sound 
pressure levels ranging from 100 to 170 dB. The neck of the 
resonator was 1.1 3 i nches long and 3 . 5 inches i n diameter and 
was tested both as a s id e branch and as a termination to the 
impedance tube. They repor t ed that for particle velocities 
greater than 100 em/sec, the acoustic resistance followed 
S i vian's formula closely . They also noted a decrease in the 
neck reactance when the particle velocity exceeded a value 
of 1000 em/sec . 
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Thurston, Hargroove and Cook (16) experimentally studied 
the nonlinear properties of a thin, square-edge orifice of 
0 . 3053 em diameter and 0.0127 em thickness at low frequencies. 
The medium in which the orifi ce was tested was water at 26°C. 
They found that the acoustic resistance was approximately 
proportional to the first power of the volume velocity and 
thus was in agreement with the results obtained i n air by 
Sivian and also by Ingard. 
Garrison, et al. (17) investigated the character i stics 
of orifices for sound pressures of 1 40 to 176 dB in the fre-
quency range between 700 and 5800 cps. They u sed reson ator 
arrays wi th open-area ra t ios of 1.5 to 1 . 3 per cent. From 
their resistance correlation, they found that the best 
expression for the nonlinear resistance was 
R = 0 . 37 pUC£ 2 
where Cf i s the orifice flow coefficient, which incorporates 
the influence of edge effects. They also stated that f or the 
type of resonators tested, the critical particle velocity, 
above which nonlinear effects became important, was 60 ft/sec . 
Ingard and Ising (18) gave a cr i t i cal velocity of 10 m/s 
(30 ft/sec ) for t he or i fi ces they studied. 
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F. Effects of Flow on the Impedance of a Resonator 
The impedance of a side~branch resonator is not only 
affected by intense pressure levels, but also by the 
presence of a steady flow through the main conducting tube 
or pipe. The effect of mean flow on the resonator impedance 
is very similar to that of high-amplitude sound waves, i.e., 
an increase in the resistance and a decrease in the reactance 
occurs with increasing flow velocities. The decrease in the 
reactance of the resonator results in an upward shift of the 
resonant frequency, while the increase in the resistance 
results in lowering the peak attenuation of the resonator. 
Chen (19) explained that the upward shift in the 
resonant frequency is due to eddies and turbulence of the 
flow which destroy some of the vibrating gas mass in the 
resonator neck. 
Garrison, et al. (17) obtained empirical formulas for 
the impedance of a resonator in the presence of flow. Tfie 
res,tsttve and reactive (given in terms of the effective 
length) components were presented as 
~ ff = ~ ff (1 - 1.65M) 
e v e NF 
where M = flow Mach number, subscripts v, NF, denote flow-
and no flow, respectively . The relationship betwBen the 
effective length and Mach number implies that, at approxi ~ 
mately M=0.6, the effective length is zero; above this Mach 
number the effective length would be negative. It appears 
that there should be a critical Mach number, below which 
Garrison's formula for the effective length is valid. 
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Philips (20) presented data on the decrease of effective 
length due to flow . Although he did not present any 
functional relationship between the effective length and 
Mach number, he did show that the effective length decreased 
until a critical free stream velocity of 350 ft/sec (approxi-
mately, M=0,35) was reached. Beyond this critical velocity, 
the effective length remained constant and was equal to the 
geometrical length of the resonator neck. 
G. Effects of Flow on Sound Propagation in Tubes with a 
Discontinuity 
A theoretical investigation of the propagation of a 
step pressure pulse through a plane discontinuity in the 
presence of a compressible fluid flow was made by Powell 
(2~) ~ He considered gradual discontinuities in the form of 
nozzles. Using small perturbation theory and the assump tion 
of isentropic flow, he obtained reflection and transmission 
factors in terms of the inlet and exit Mach numbers of the 
steady flow. 
Powell (22) also considered the propagation of a 
sinusoidal pressure wave for the same type of geometry. 
He used a multiple-reflection technique to obtain the 
reflection and transmission factors . The results showed 
that the reflection factor was very dependent on frequency 
while the transmission factor was practically unaffected 
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by frequency. 
Ronneberger (23) used small perturbation theory to obtain 
the reflection factor at a sudden expansion. His t echn i que 
was similar to tha t o f Powell except that he introduced an 
entropy wave at the expansion to account for losses due to 
flow. 
H. Exhaust-Noise Silencing 
Exhaust-noise silencing has received much study in 
recent years. However, no definite theory has been put 
forth for the design of exhaust silencers. Stewart (24) 
was one of the first investigators to present an analysis 
of acoustic filters. His analysis, based on acoustic filter 
theory, involved a lumped parameter approach. Using the 
analogy of the electrical transmission l ine, he developed 
a network representation of acoustic filters. He designed 
several basic acoustic filters from his theoretical analysis . 
Mason ( 25,26) developed a second approximation network 
for acoustic filters. The main difference between his 
development and that of Stewart was the fact that he represent-
ed the main branch of a filter by an 'L' network consisting 
o£ the tube capacitance in the shunt arm and the tube 
indu ctance in the series arm, whereas Stewart considered the 
main branch to consist of only an inductance. 
Davis, Stokes, Moore and Stevens (12) investigated the 
performances o£ several muffler configurations both theore-
tically and experimentally. They used plane-wave theory in 
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their theoretical analysis and presented expressions for the 
attenuation characteristics of single chamber and multiple-
chamber mufflers. The mufflers were of the resonator and 
expansion chamber types and their combinations. They also 
investigated the effect of finite tailpipes on the per-
formance of mufflers and proposed a method of including the 
tailpipe effect in the calculation of muffler characteristics. 
Although their analysis was based on linear acoustic theory 
for a medium at rest, they discussed some possible effects 
of operating conditions, including exhaust-gas velocity as 
well as temperature and finite-amplitude pressure variations. 
Stokes and Davis (27) investigated the characteristics 
of four resonator-type mufflers of different attenuation 
capabilities, both in the laboratory and under operating 
conditions. They found that the experimental data agreed 
very well with theory, while the test conducted with the 
mufflers installed on an actual engine showed significant 
deviations from theoretical predictions. They attributed this 
deviation to the fact that the acoustic pressure, temperature 
and exhaust-gas velocity greatly exceeded the limits assumed 
in theory. At the operating conditions, they encountered 
sound-pressure levels up to 189 dB, temperatures of about 
1200°F and exhaust gas velocities up to 500 ft/sec. They 
also included the effect of finite tailpipe length in the 
theoretical calculation of attenuation. It should be pointed 
out that, strictly speaking, their theoretical calculation 
of attenuation represents the "transmission loss" (the ratio 
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of incident to transmitted press ure) while the experimental 
results represent "insertion loss". Thus, some of the dis-
crepancies reported could have been due to the fact that they 
were comparing two quantities that were not necessarily 
identical. Also, the effects of the acoustic resistance 
of the resonator mufflers were considered negligible. These 
effects could hardly be neglected for some of the configura-
tions presented, especially in the presence of high-amplitude 
sound. 
Davies (28) investigated the possible application of 
both acoustic-filter theory and single-pulse theory to the 
design of silencers. He stated that while acoustic-filter 
theory described the harmonic response of a silencer, the 
single-pulse theory described the transient response. His 
experimental results showed that in the absence of strong 
resonances, the single-pulse theory gave a better estimate 
of silencer performance. The nerformance of a simple expan-
sion chamber was described equally well by both acoustic 
theory and single-pulse theory. But the comparison with 
the results of resonator mufflers tested by Davies, et al., 
(29) showed that single-pulse theory predicted the perfor-
mance accurately while acoustic theory predicted much higher 
attenuation than was observed. 
Single-pulse theory considers the exhaust noise of an 
internal combustion engine to be made up of a train of dis-
crete pressure pulses. These pulses are assumed separated 
by a finite distance as they travel down the exhaust pipe so 
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that each pulse can be considered separately. The single- · 
pulse theory (as used by (28)) is essentially the same as 
shock-tube theory. In using this theory, the flow through 
the system is assumed to consist of regions of steady and 
unsteady flow. The unsteady flow is assumed to exist in 
pip~s of constant area while steady flow exists at plane 
discontinuities in the pipes. The region of unsteady flow 
is analyzed using shock-tube theory. 
I. Conclusions 
There has been a growing awareness of the fact that 
linear acoustic theory, which has been much used in the de-
sign of acoustic filters, is not adequate in describing the 
performance of acoustic filters when high-amplitude waves 
and a flowing medium exist. As a result, numerous inves-
tigations have been undertaken to determine the effects of 
high-amplitude waves and flowing media on acoustic elements. 
The results of various investigators have shown similar trends 
for different resonator neck (or orifice) diameters and 
resonator (orifice) arrays. However, many of these investi-
gations have been confined to small orifices (orifices whose 
diameters are much much smaller than the diameter of the 
main conducting tube). Also, the frequency range of most 
of these investigations has been from about 2000 Hz to 4000 
Hz, pure tones being utilized. 
For the present investigation, the resonator neck 
diameters (0 . 375 to 1.5 inches) are of the same order of 
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magnitude as the diameter (2 . 0 inches) of the main conduct-
ing tube, and the primary frequency range of interest is 
75-1000 Hz. The size and frequency range under investigation 
are of importance in automobile muffler design. This 
investigation is mainly directed towards a better under-
standing of automobile muffler design under actual operating 
conditions. 
Most of the previous investigators tested various 
acoustic elements (resonators, orifices, abrupt discontinui-
ties), terminated anechoically, with pure tones. This 
was done in order to determine the characteristics of the 
various elements (without any interaction from the surround-
ings) in the presence of high-amplitude waves and/or flow. 
In the pTesent investigation, both pure tones and single 
pulses (single cycles of pure tones) were used for the same 
purpose; furthermore, both random noise and simulated 
automobile exhaust noise were used to evaluate the perfor-
mance of various acoustic elements and their combinations 
terminated with finite tailpipes. 
It is hoped that the results of this investigation, in 
conjunction with the results of other investigators, will 
lead to a better understanding of the design of acoustic 
silencers. 
I I I. THEORY OF ACOUSTIC-FILTER CHARACTERISTICS 
USED IN SILENCER DESIGN 
A. Resonator as a Side Branch 
25 
When a resonator is attached to an infinitely long tube 
as a side branch, the acoustic impedance at the location of 
the attachment differs from the characteristic impedance 
for plane waves in the tube. At the location of the side-
branch resonator, the impedance of the resonator, Zb, is in 
parallel with the acoustic impedance, P0c/S, of the infinite 
tube. If Z is the acoustic impedance at that location, then 
z = zb + P0c;s 3.1a 
Since Z is defined as the complex ratio of the acoustic 
pressure to the particle velocity at a given location, it 
can also be written as 
p 0c A1 + B1 z = 






represent the magnitude and phase of the 
incident and reflected waves, respectively, at the filter 
location. 
Combining equations (3.la) and (3.2a) gives the re-
flection factor, R, due to the side branch as 
R = 
A 1 Po c 
3.3a 
-- + z 2S b 
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If A2 is the magnitude and phase of the transmitted wave, 
continuity of pressure leads to 
3.4a 
Combining equations (3.3a) and (3.4a) gives the trans-
mission factor, T, due to the side branch as 
T = = 3.5a 
The resonator impedance, Zb, can be written as 
3.6a 
where Rb and Xb are called the resistance and the reactance 
of the resonator, respectively. 
Under the assumptions of plane wave propagation in tubes, 
the resistance and reactance of a side-branch resonator are 
given as (10, 17) 
where 
Rb (Sp lJW)~ 
t + do 
= ( s d ) 0 0 0 
xh = 
Pow 2eff PoC2 
"":' 
so wV 
s 0 = cross-sectional area of resonator neck 
d 0 = diameter of resonator neck 
t = length of resonator neck 




V = volume of resonator cavity 
w = circular frequency 
It should be pointed out that equation (3.7a) is, strictly 
speaking, an empirical formula which was derived by Ingard 
(10). Using the assumptions that (1) the radius of curva-
ture of the resonator neck was large compared to the viscous 
boundary layer thickness, and (2) the velocity in the resona-
tor neck was uniform, he obtained a theoretical exp ression 
for the resistance, Rb, as 
3.9a 
where r 0 = radius of resonator neck. However, from his 
experimental data, he concluded that r 0 in equation (3.9a) 
should be replaced by 2 r , thus arriving at equation (3.7a). 
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The transmission loss (TL) is defined as 
TL = zo log10j il 3.10a 
Using equation ( 3.Sa), the transmission loss becomes 
3.11a 
The insertion loss (IL) of a side-branch resonator is 
given by Davis, et al. (12), when the conducting duct is 
terminated in its characteristic impedance, as 
where 
IL = 20 log 10 1 + Zs (1 + z-){cos(k~) + isin(k~)} 
0 
Zb = resonator impedance 
z0 characteristic impedance of duct 
Zs = source impedance 
~ = distance from source to resonator 
k = w/c 
Zs/Z 0= 0 (for constant-pressure sourse) 
Zs/Zo= oo (for constant-volume velocity source) 




B. Reflection and Transmission Factors of a Sudden Expansion 
with the Wave Entering in the Direction of Flow 
ub 
Flow Direction u a'Pa 
pb 
p c pb 
Sound ~ a' a 
Propagation Sa sb 
I cb 
Figure 1. Sudden Expansion with the Wave Entering 
in the Direction of Flow 
Consider the effect of a sudden expansion on the 
propagation of a plane wave in a moving compressible fluid, 
see Figure 1. The tube beyond the expansion is terminated 
without reflection and the diameters are such that only 
plane waves exist. 
Before the sound wave is introduced, the continuity, 
energy and momentum equations for compressible fluid flow 
can be written as 
3.1b 
Y pa 3.2b 
- ·-y-1 p 
a 
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nP U2 + P = p U2 + p 
a a a b b b 3.3b 
where 
P = static pressure 
U = flow velocity 
p = density of medium 
S = cross-sectional area of tube 
y = ratio of specific heats 
Subscripts a, b denote inlet and outlet sections, respective-
ly 
n = 
When a sound wave is propagated in the flowing medium, the 
pressure, velocity and density are changed by some amounts 
which are small compared to their original values. By using 
the relationships between the pressure, velocity and density 
of plane acoustic waves, the perturbed values become 
where 
Pa -+ Pa + p. + Pr pb -+ pb + 1 
P.- p 
1 r 
ua -+ ua + ub -+ ub + PaCa 
P.+ p 
1 r 
Pa -+ Pa + pb -+ pb + c2 
a 
Pi = incident acoustic pressure 










Pt ~ transmitted acoustic pressure 
E pressure due to entropy wave 
The flow phenomenon at a sudden expansion is an adiabatic 
process . Flow losses occur at the expansion as a result of 
vortex formations . Ronneberger (23), in trying to account 
for the flow losses at a sudden expansion, introduced the 
so-called "entropy wave". He explained that the entropy 
wave causes significant changes in the density and tempera-
ture downstream of the expansion, but hardly affects the 
pressure and velocity of the medium. 
By substituting equations (3.4b) into equations ( 3.1b), 
(3.2b), and (3.3b) and simplifying, the continuity, energy 
and momentum equations become respectively 
pb E 
P (1M) P (1M)} ~ Pt(1+Mb) -{ i + a + r -.a p y-1 
a 
P . ( nM 2 +2M + 1) + P ( nM 2 - 2 nM + 1) = P t (Mb2 +2Mb+ 1) + Mb2 E 
1 a a r a a 
where 
Ma = inlet Mach number 
Mb ~ exit Mach number 
Eliminating E from equations (3.5b) and (3 . 6b) yields 
3.5b 
3.6b 
3 . 7b 
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Pb cb 
= - (l+M ) (Mb- + _n_ --) 
a pa Y-1 ca 3.8b 
Eliminating s from equations (3.5a) and (3.7a) yields 
P 1 cb P t 
_£{n(M 2 -2M +-) + Mb(l-M )n--} - ---(1+Mb) 
Pi a a n a ca Pi 
3.9b 
Solving for Pr/Pi between equations (3.8b) and (3.9b) and 
simplifying yields the reflection factor, R1 , as 
3.10b 
Substituting equation (3.10b) into equation (3.9b) and 
simplifying yields the transmission factor, T1 , as 
3 .. 11b 
The variation of the reflection and transmission factors with 
flow at a sudden expansion is illustrated in Figures 2 and 3 
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Figure 2, Variation of Reflection Factor with Flow at a Sudden Expansion 
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Figure 3. Var i ation of Transmission Factor with Flow at a Sudden Expansion 




C. Reflection and Transmission Factors of a Sudden Expansion 
with the Wave Entering Against Flow 
Flow Direction ~ 
Sound Propagation 
Figure 4. Sudden Expansion with the Wave Entering 
Against Flow 
Consider a sound wave propagating against a compressible 
fluid flow at a sudden expansion. The sudden expansion is 
relative to the fluid flow as shown in Figure 4. The con-
tinuity, energy and momentum equations for the compressible 
fluid flow are written as 
Pa u s = pbUbSb a a 3.1c 
u2 p u2 pb 
a 
_:r_ a b _:r_ 
+ = - + 2 y-1 Pa 2 y-1 pb 
3.2c 
Pa U
2n + p = pbU~ + pb a a 3.3c 
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The perturbed values of pressure, velocity and density 
be c ome 
Pa -+ Pa + pt pb -+ pb + p. + pt 1 
pt p. -P 1 r 
u -+ u - ub -+ ub ..,.. a a Pa c pbcb 
3.4c 
a 
pt P.+P +s 1 r 
p -+ p + 2 pb -+ pb + c2 a a ca b 
where s is the pressure due to entropy wave 
By substituting equations (3.4c) into equations (3.lc), 
(3.2c) and (3.3c) and simplifying, the continuity, energy and 




Elminating s from equations (3.Sc) and (3.6c) yields 
3.8c 
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Eliminating E from equations (3.5c) and (3 .7c) yields 
3.9c 
pt 
Solving for between equations (3.8c) and (3.9c) and 157 l 
simp lifying yields the transmission factor, T2 , as 
{2(1-Mb)/n(y-1)} 
3.10c 
Substituting equation (3.10c) into equation (3.9c) and 
simplifying yields the reflection factor, R 2 , as 
3.llc 
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D. Reflection and Transmission Factors of a Sudden Con-
traction with the Wave Entering in the Direction of Flow 
p 
a 
Flow Direction u pb a 
Pa ub,Pb 
~ s sb,cb a 
Sound Propagation c 
a 
Figure 5. Sudden Contraction with the Wave Entering 
in the Direction of Flow 
In the case of a sudden contraction, see Figure 5, the 
flow losses are so small for the Mach numbers under consi-
deration (M<Q.2)~ that no entropy wave propagates at the 
discontinuity. The reflection and transmissi on factors are, 
therefore, obtainable from only two equations of compressi-
ble fluid flow. 
The continuity and energy equations are written for the 









When a sound wave is introduced into the flowing medium, the 
pressure, velocity and density become 
p 
-+ p + P. + p pb -+ pb + pt a a l r 
p. -P pt 
ua -+ ua 
l r 
ub -+ ub + + 
Pa c pbcb a 
3.3d 
P.+P pt 1 r p -+ p + c2 pb -+ pb + a a c2 a b 
Substituting equations (3.3d) into equations (3.ld) and 
(3.2d) and simplifying, the continuity and energy equations 
become 
c 
n{Pi(l+Ma)-Pr(l-Ma)}c: = Pt(l+Mb) 
p 
{P. (l+M )+P (1-M )}--..11 = Pt(l+Mb) 
1 a r a Pa 
3.4d 
3.5d 
Solving equations (3.4d) and (3.5d) for Pr/Pi and Pt/Pi 
yields the reflection and transmission factors, R3 and T3 , 
as 
c p 
Cn .... __§;_ _Q_) (1 + M ) cb Pa a 
R3 = 3.6d ca pb Cn + 
-
-) (1 - M ) 
cb Pa a 
40 
2(1 + Ma)n 
3.7d 
The variation of the reflection and transmission factors with 
flow at a sudden contraction is illustrated in Figures 6 and 
7 for various area ratios ~ 
The ratio of the speed of sound, c /c , is given by 
a b 
c2 1 y-:-1 2 + ~b a 
= 
c2 
b 1 + y-1 2 ..!....;:-=M 2 a 
Another useful relation is 
y-1 
M 1 + -2-M£ 
a ( ) 
Mb 1 y-1 M2 
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Figure 6. Variation of Reflection Factor with Flow at a Sudden Contraction 
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Figure 7. Variation of Transmission Factor with Flow at a Sudden Contraction 
with the Wave Entering in the Direction of Flow 
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E. Reflection and Transmission Factors of an Expansion 
Chamber 
_j L 
Al .. I I ... Az Flow • I 





Rl • I • Rz R3 • I T3 
I I 
.. L I I 
Tz • I ~ Tl I I 
Figure 8. Expansion Chamber Analysis 
An expansion chamber is usually made up of a sudden 
expansion coupled to a sudden contraction by a connecting 
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tube or chamber. A typical simp l e expansion chamber is shown 
in Figure 8. Assuming that plane waves exist throughout 
the chamber and connecting tubes, and that there is no in-
t eraction between the sudden expansion and contraction, the 
reflection and transmission characteristics of the expansion 
chamber can be determined by considering the infinite re-
flections and ·transmissions occuring at both the expansion 
and the contraction. The diameters of expansion chambers 
used in typical automotive exhaust systems are so large 
that tube attenuation is negligible within the chambers 
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when there is no fluid flow present. 
Consider a sound wave, A1 , incident on the inlet of the 
expansion chamber. A primary reflection and transmission 
occurs at the sudden expansion. The sound wave that is 
transmitted past the sudden expansion propagates towards 
the contraction (the exit of the expansion chamber) with 
a phase velocity of c+v . At the contraction, it under-
goes a secondary reflection and transmission. The re-
fleeted wave from the contraction propagates towards the 
inlet of the expansion chamber with a phase velocity of 
c-v. On reaching the inlet the sound wave undergoes another 
reflection and transmission. An infinite number of re-
flections and transmissions thus occur at the inlet and 
outlet of the expansion chamber . 
Using the method presented by Gatley (30) the total 
reflected wave B1 , and the total transmitted wave, A2 , can 
be written as 
where 
i(k1 +kz)L AT R R T i2(k1 +kz)L 
= A1R1 + A1TzR3Tze + 1 1 3 2 ze 
i3(k1 +kz)L 
+ A1 T1R3R2R3R2R3T2e 
+ •••• . 
-ik1 L -i(Zk1 +kz)L 
= A~T1T 3 e + A1T1 R3R2T3 e 
-i(3k1 +2kz)L 
+ A1 T1R3R2R3R2T3e 
+ • • • • • 
3.le 
3.2e 
k k 0/ (1 -M) 2 
ko w/c 
c speed of sound 
L length of expansion chamber 
M = flow Mach number 
and R1 , T1 , R2 , T2 , R3 and T3 are defined in sections B, C 
and D of this chapter. 
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After some simplification, the reflection and trans-
mission factor of the exp ans i on chamber can be expressed as 
Bl T T R e - i(kl + k 2)L 1 2 3 R = Al R1 + -i(k1 kz)L + 1 - R2R3e 
3 . 3e 
A2 T T e-ik1L 
T 1 3 = ~ = 1 R R - i (kl + k 2)L - 2 3e 3 . 4e 
In deriving the reflection and transmission factors 
above, it has been assumed that no sound is reflected back 
to the expansion chamber from the termination. 
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F. Acoustic Fllters with Finite Tailpipes 
as 
where 
The insertion loss, IL, of an acoustic filter is defined 
A' 
IL :::: 20 log _2!. 
10 Azt 
3.lf 
Azt :;:; sound pressure transmitted in the absence of the 
filter 
A2t = sound pressure transmitted with the filter and 
tailpipe installed 
An approximate solution for the insertion loss can be obtain-
ed if it is assumed that the incident pressure, A , at the 
1 
filter is equal to the incident pressure, Ai, at the end of 
the straight pipe (12) ' see Figure 9 . Using this assumption, 
' 
' ' A2t A2t Al A2t Al 
= -- = ----,--
A2t A1 A2t Al A2t 
3.2f 
The insertion loss can, then, be written as 
A' 1 
- 20 log10 -,-Azt 
3.3f 
Referring to Figure 9, it can be seen that the first term of 
equation (3.3f) represents the transmission loss of the 
combination of the filter and tailpipe, while the second 
term represents the transmission loss of the straight pipe. 
Using the method outlineq in the previous section, 
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3.4f 
Fl ow Al : Arb i trary l I 
I I ~Azt 
~ Blt • 1 Filter : I Sound 
' 
I I 
1 .. 2t .t 
Taz .. I • Ra z I I I Rt .. I .. T I t 
Ra l .. I I ... Tal 
' Flow· Al .. I ' ... t--t- Azt 
' 
~ • I 
Sound 
Blt 
Rt • I ., Tt I 
Figure 9. Analysis of an Acoustic Filter with a 
Finite Tailpipe 
where 
Raz = characteristic reflection factor of filter 
Tal = character i stic transmission factor of filter 
3.5f 
Rt = reflection factor of an unflanged circular tube 
Tt = transmission factor of an unflanged circular tube 
2t = length of tailpipe 
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The reflection factor of an unflanged circular tube is 
given by Levine and Schwinger (33), for ka<1, as 
2 k 4 a 4 19 -1.23ika {1 + c--- 0 . 5772 - log (ka))e } 
6 12 e 
3.6f 
where 
a = radius of tube 
k = w/c 
According to Levine and Schwinger, the expression above is 
an approximation, and is higher than the true value by 
less than 3%, for ka<1. 
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G. Reflection and Transmission Factors Using Standing-Wave 
Tube Method 
Standing Wave Tube I Transmission Tube 
I I 
A1 ,Arbitrary I • A2 
Flow ~ I I 
B1 
I Filter I• .. I B =0 
I I 2 
I I 
I 
x1 • I • x I 2 
Figure 10. Standing-Wave Tube Analysis 
Consider a standing-wave tube terminated by an arbitrary 
filter and an anechoic termination as shown in Figure 10. 
There wil l exist both the incident and reflected waves A1 
and B1 in the standing-wave tube and only the transmitted 
wave, A2 , in the tube beyond the filter. The reflection and 
transmission factors of the filter are then expressed as 
B B ie e 






T = = - 3.2g 
A1 A1 
where e and <P are the reflection and transmission phase 
angles, respectively . The quantities Al' A2 and B1 , are -the 
so 
magnitudes of the incident, transmitted and reflected waves 
respectively, and the "over bars" denote complex quantities. 
The steady state sound pressure at any location, x 1 , in 
the standing wave tube in which there is steady air flow 
can be W'ritten as 
3.3g 
The magnitude of the sound pressure is given by 
2ax -2ax 
P 2 = Ai{e : 1 + 2Rcos(6-(k1 +k 2)x1 ) + R
2 e 
1 } 3.4g 
If it is assumed that tube attenuation is small (6), 
the following equation applies at the locations of maximum 
and minimum pressures 
stn{e - (k1+ k 2)x1 } = o max 
min 
The reflection angle is then given by either 
n = 0, 2, 4, 
or 
n = 1, 3, 5, 
• • • • • 00 , 




where n is selected to yield a value for 6 between 0 and Zn 
radians. 
The distance between adjacent standing wave maxima or 
minima (from equation (3.6g) or (3.7g)) is 
3.8g 
51 
Equ a t ions (3 ~ 6g) and ( 3 . 7g) ind icate that the reflec-
tion angle can be determined by locating either a pressure 
maximum or minmum in the stand i ng wave tube. However, 
equation (3 . 7g) is, in gene r al, used because sound pressure 
minima are more sharply defined in the tube. 
At a sound pressure minimum, the magnitude of the sound 
pressure can be expressed as 
3 . 9g 
Substituting equation (3 . 7g) i nto equation (3 . 4g) yields 
3 . 10g 
where 













It should be pointed out that the negative root of the 
radical in equation (3 . 11g) is used for reflection factors 
less than unity, which is usually the case under considera-
tion . However, when sound is propagating in moving media, 
it is possible to obtain reflection factors greater than 
unity without violating the energy balance (34,35). The 
acoustic-energy flux density, I, in a moving medium (with 
Mach number of M) is given by (34) as 
I = 3.13g 
pc 
where the positive sign is used for sound propagating in the 
direction of flow, and the negative sign is used for sound 
propagating against flow. For a filter whose inlet and 




R = reflection factor magnitude 
T = transmission factor magnitude 
It can be seen from equation (3.14g) that reflection factors 
greater than unity are possible. For reflection factors 
greater than unity, the negative root of the radical in 
equation (3.1lg) is used. When the reflection factor is 
greater than unity, the standing wave pattern in the standing 
wave tube will show that the magnitudes of the pressure 
minimums decrease when traveling from the termination towards 
the sound source. 
The sound pressure, at any location, x 2 , in the tube 
beyond the filter of Figure 10 is expressible as 
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-axz i(A--klxz) P 2 = A1 Te e '+' 3.15g 
where ¢ = transmission phase angle. Equations (3.3g) and 




Using equations (3 . 3g), (3. 1 5g), (3.16g) and ( 3.17g) g i ves 
Pz i(¢ -<P ) 
-e 2 1 p 
i¢ 
T = Te = 
= 3.18g 
3 .. 19g 
The magnitude and phase of the transm i ssion fa ctor a re 
obtained from equation (3.19g) . Equation (3.19g) indicates 
that in order to determine the transmission factor magnit u de 
and phase, both the reflection factor magnitude and phase 
must be known. These are obtained from equations (3. 11g) 
and (3.7g) respectively. 
The magnitude of the transmission factor is often 
expressed in decibels and is called the transmission loss 
(TL). The transmission loss is expressed as 
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IV. EXPERIMENTAL APPARATUS 
The experimental apparatus consisted mainly of the 
standing-wave and transmission tubes, an anechoic termina-
tion, an air supply system, an instrumentation system, and 
test elements, as shown in Figure 11. 
A. The Standing-Wave Tube and Transmission Tube 
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The standing-wave tube used in this investigation was 
originally designed and constructed by Simon (6) and a 
detailed description of the tube is given in that reference. 
The standing-wave tube was made from an aluminum tube six 
feet in length, with internal and outside diameters of 2 
inches and 2 1/2 inches, respectively. The top of the tube 
was milled flat for a distance of 60 inches so · that a 1/8-
inch wide longitudinal slot was formed for a distance of 52 
inches along the top. The slot was sealed with a l-inch 
continuous spring band to which was attached an aluminum 
block (see Figure 12). This block contained a microphone 
cavity which communicated with the inside of the standing 
wave tube through a probe made from a 12-gauge hypodermic 
needle. The probe extended to the middle of the standing -
wave tube and was terminated in an aerodynamic body (see 
Figure 13). The probe passed through the aerodynamic 
body at a distance five diameters from the leading edge 
in order to reduce the flow noise reaching the microphone. 
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Air Filter 
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Figure 11. Schematic Diagram of Test Facility (ref. 36) 
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Figure 12. Side View Photograph of Standing~Wave Tube (ref. 36) 













Standing Wave Tube 
Cradle 
2" r.D. Aluminum Tube 
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Figure ~3. Cross Sectional View of Compl~te Standing 
w·ave Tube Assembly (ref. 36) 
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were placed on either side of the slot at the top of the 
aluminum tube .. The top of the teflon strips, the steel 
band, and the pressurized surgical tubing used to maintain 
pressure between the steel band and the teflon strips were 
all lubricated with aircraft screw grease. The steel band 
passed under rollers at each end of the flat and was formed 
into a loop over the pulleys at the ends of the standing-
wave tube. 
In order to obtain the magnitudes and locations of 
sound pressure in the standing-wave tube, a mechanical drive 
system was attached to the aluminum block, which contained 
the microphone. The drive system consisted mainly of a 5/8-
inch diameter acme screw shaft, self-aligning bearings, a 
set of pulleys, a constant-speed 1/3-HP electric motor and 
a switch box for reversing the direction of the motor. The 
microphone block was able to traverse the test section in 
either direction at a constant speed of about 0.5 em/sec 
which was achieved by using a 15:1 reduction-pulley system. 
Fine adjustments were made with a wheel attached to the 
intermediate shaft of the pulley system. One revolution of 
this wheel represented 0.07 em of linear distance in the 
standing-wave tube. Measurements in the standing-wave tube 
could be made to within 28 em of the termination. 
In order to obtain the sound pressure transmitted through 
a test element, a transmission tube was attached to the 
element. The transmission tube consisted essentially of a 
long brass tube with a stationary microphone. The microphone 
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cavity and probe were similar to those employed in the stand-
ing wave tube. 
Figure 14. 
The transmission tube assembly is shown in 
About 12 inches from the test section, a J.B. Lansing 
acoustic driver was connected to the standing wave tube at 
an angle_ of 45 degrees. 
B. Anechoic Termination 
Analysis of acoustic filters is greatly facilitated if 
they are terminated with the characteristic impedance of the 
medium. This means that all the sound waves passing through 
the filter are never reflected back toward the filter. In 
practice, this condition is simulated by the use of an 
anechoic (reflection-free) termination. 
The anechoic termination used in this work was iri the 
form of a catenoidal horn. The horn consisted of seven 
conical sections and was terminated with a cylindrical sec-
tion 18 inches long and 24.8 inches in diameter. All the 
sections were made from sheet metal. The inlet and outlet 
diameters of the horn were 2 inches and 24.8 inches respec-
tively; the overall length was 13 feet. A 1/4-inch square 
wire mesh sleeve with an inside diameter of 2 inches was 
located at the axis of the horn and the rest of the horn was 
filled with 2.5 lb/ft 3 glass fiber insulation. The insulation 
was held in place with a perforated wooden disc attached to 
the end of the horn. The horn was mounted on a movable 












Cross Sectional View of Transmission 
Microphone Station (ref. 36) 
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Figure 15 . Side-View Photograph of Anechoic Termination and Support System (ref. 36) 
C~ Air Supply 
Air was supplied to the lab~ratory through a 2 inch 
pipe at 90 psig and 75°F. The air then passed through a 
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150 cfm separator into a large tank about 5 feet in length 
and 3 feet in diameter. The tank was lined with 2-inch 
thick glass fiber insulation and contained six "HOT WATT" 
strip heaters capable of heating the air to 200°F at a flow 
rate of 150 cfm. Beyond the tank, a metering section was 
installed. This consisted of a square-edge orifice install-
ed with flange taps. The temperature upstream of the ori-
fice meter was measured with standard mercury thermometer. 
After the air passed through the orifice meter, it 
passed through two expansion chambers before entering the 
standing-wave tube. The expansion chambers were about 3 feet 
long and 2 feet in diameter. A 1/4-inch square wire mesh 
sleeve with an inside diameter of 2 inches was located at 
the axis of each chamber and the rest of the chamber was 
filled with glass fiber insulation. The primary function 
of the expansion chambers was to reduce noise generated by 
the air flow. The temperature and pressure of the air were 
measured at the inlet of the standing-wave tube. From the 
measured volumetric flow rate and the temperature and pres-
sure at the inlet, the Mach number in the standing-wave tube 
was calculated. 
D. Instrumentation 
The instrumentation system used in this investigation 
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is shown schematical l y in Figure 16. The individual instru-
ments are given in the list of equipment, appendix A. 
The amplified output of a beat frequency oscillator was 
used to drive an acoustic driver, which generated sound in 
the standing-wave tube at prescribed frequencies. In cases 
where random noise or exhaust noise was used, the oscillator 
was replaced by random-noise generator or by a tape-recorder 
output, respectively. A frequency counter was used to 
monitor the output of the oscillator. 
The sound-pressure levels in the standing-wave tube and 
the transmission tube were measured with piezoelectric-
ceramic microphones which were connected through a selective 
switch box to the wave analyzer, which was equipped with 
1/3-octave and 1/10-octave band filters. The filter of the 
analyzer was always centered at the frequency band of inter-
est. The output of the wave analyzer was connected to a 
VTVM in order to monitor the magnitudes of the sound levels 
measured by the microphones; the output was also connected 
to a dualtrace oscilloscope for visual observation. In 
addition, the input to the analyzer was connected to the 
second channel of the oscilloscope. The oscilloscope pro-
vided a visual aid for accurately tuning the filter of the 
wave analyzer. When a signal, at the frequency to which 
the filter is centered, passes through the filter, its phase 
angle is shifted through 180°. By observing the phase of 
the filter input and output on the oscilloscope, it was 













































Figure 16. Schematic Diagram of Instrumentation System (ref. 36) 
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centered at the frequency of the input signal. 
The outputs of the oscillator and the wave analyzer 
were connected to channels A and B, respectively, of the 
phase meter. The oscillator signal going into channe l A of 
the phase meter sometimes had to be amplified with the sound 
level meter in order to obtain accurate phase measurements . 
E. Test Specimens 
The acoustic filters tested in this investigation were 
of three basic types: expansion chambers, resonators and 
louvered tubes. Various combinations of the three were also 
tested . Figures 17, 18 and 19 show typical resonator, ex-
pansion chamber, and louvered ~ tube arrangements. 
Two different area ratios were used for the expansion 
chambers, The inlet diameter was 2 inches in all cases , but 
chamber diameters of 2.95 inches and 5.047 inches were used. 
The chamber length was variable for the 5.047- i nch chamber 
diameter expansion chamber up to a maximum chamber leng th 
of 30 inches. 
The resonators tested had fixed neck lengths and neck 
diameters, but the cavity volumes were variable s u ch that 
various resonant frequencies were obtainable with each neck 
configuration . Neck diameters of 0 . 375, 0.75 and 1.5 i nches 
and neck lengths of 0.953 and 1 .0 inch were used to obtain 
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Figure 17. Cross Sectional View of Experimental 
Side Branch Resonator (ref. 36) 
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Figure 19. Louvered Tube Configuration 
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Table I~ Resonator Configurations 
Neck Neck Cavity Cavity Resonant Resonator Length,£ Diameter,d 0 Diameter Length, Lc Frequency Number inches inches inches inches Hz 
1.95 250 
1 0.953 0.375 2.0 + + 
5. 36 150 
1 .. 67 200 
2 1.0 0.750 5.047 + + 
6. 55 100 
1. 42 400 
3 1.0 1.50 + + 
5.63 200 
The louvered tubes tested were of commercial type. The 
louvered tubes were made from 2--inch inside diameter tubing; 
and the louvers were formed to the inside of the tubes. The 
louvered tubes were enclosed by outer shells; and shell 
diameters 2 1/2 and 3 inches were used . Louvered tube 
lengths ranged from 11 1/4 to 22 1/2 inches. 
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V. TEST PROCEDURES 
A. Calibration of the Standing-Wave Tube and the Trans-
mission-Tube Microphones 
As discussed in chapter IV, the microphone cavity of the 
standing-wave and transmission tubes communicated with the 
inside of the tubes through probes which extended to the 
middle of the tubes. Because of sound attenuation in these 
probes, the microphone readings were not the actual sound 
pressure levels inside the tubes. In order to obtain the 
actual sound pressure levels in the tubes, a calibration of 
the microphone probes was made. The actual sound pressure 
inside the standing-wave tube was related to the microphone 
reading by 
where 
p = E p 
actual swt swt 
Pswt = microphone reading (mv) 
Eswt = correction factor 
s ~la 
In terms of sound pressure levels, the actual sound pressure 
level inside the tube can be expressed as 
SPLactual = SPLswt + 20 logloEswt 5.2a 
where SPLswt= microphone reading (dB, ref. 0.0002 ~bar). 
The idea used for the calibration of the microphone 
probes is based on the standing-wave tube analysis described 
in chapter Ill, section G. Using equation (3.4g), the 
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sound pressure at the maximum sound pressure location can be 
expressed as 
5.3a 
If the standing-wave tube is terminated with a solid piston, 
the reflection factor is unity and the pressure at the 
piston is a maximum given by 
5.4a 
The next pressure maximum can be expressed as 
S.Sa 
For the standing-wave tube used in this investigation, the 
attenuation constant, a, at 1000 Hz (for example) is appro-
ximately equal to 4.0x10- 4 cm- 1 ; and for a maximum location, 
x1max' of 150 em, ax1 =0.06. For this value of ax1 , max max 
coshax1max is approximately equal to unity so that Pmaxz= 
Pmaxl .. 
In ord~r to calibrate the standing-wave tube microphone 
probe, a microphone was installed inside a plug so that the 
face of the microphone was flush with the face of the plug~ 
The plug-microphone combination was then used to terminate 
the standing-wave tube. Reflection factor measurements 
showed that the plug-microphone combination acted as a solid 
piston (reflection factor of unity). Sound was generated at 
frequencies of interest and the sound pressures at the face 
of the plug-microphone combination were recorded. The sound 
pressures as measured by the standing-wave tube microphone 
at maximum-pressure locations nearest the termination were 








end = sound pressure at the face of the plug-microphone 
combination (mv) 
Pswt = sound pressure measured by the standing wave 
tube microphone (mv) 
Correction factor measurements, as described above, 
were made for frequencies between 75 and 1000 Hz and for 
standing - wave tube microphone readings between 70 0 and 
140.0 dB (ref. 0 . 0002 ~bar). Typical variations of the 
correction factor with frequency and pressure amplitude 
are shown in Figure 20 and Table II . 
After the microphone probe of the standing - wave tube 
microphone was calibrated, it was then used as a reference 
for the calibration of the transmission tube microphone 
probe~ When the standing-wave tube is terminated anechoi-
cally, there are no standing waves in the tube and the sound 
pressure at any location, x, from the sound source can be 
w:r t tten as 
.2rr x ~ ax -;I.x-- . 
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Figure 20. Correction Curve for Standing·Wave Tube Microphone Readings 
Below 114 dB (ref. 0,0002vbar} 
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Table II 
Variation of the Correction Factor with Amplitude 
at 250 Hz 
Microphone Reading Correction 










Below 114.0 1.365 
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where ~ = wavelength of sound. The sound pressures at any 
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P2 = Al e 2e A. 2 5.9a 
From equations (5.8a) and (5.9a), 
S.lOa 
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Equation (S.11a) thus indicates that sound propagating down 
an infinitely long tube is attenuated, and that its phase 
changes by n•l80° every time it traverses a distance of n( 
A/2). This fact was used in the calibration of the trans-
mission-tube microphone probe. 
The transmission tube was installed between the standing-
wave tube and the anechoic termination. Sound was generated 
at frequencies of interest. The standing-wave tube micro-
phone was positioned such that it was at a distance of n(A./ 
2) (smallest possible value of n was used) from the trans-
missi.on-tube microphone. Both the magnitude and phase of 
the sound pressure were then measured at the two mi ·crophone 
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stations. The corrections for the transmission-tube micro-
phone, for both the magnitude and the phase, were then cal-
culated. It was observed that these corrections, which were 
based on the standing-wave tube microphone, were independent 
of pressure amplitude . This was, primarily, due to the si-
milarity of the probes used at both the standing-wave tube 
and the transmission-tube microphone stations. Both probes 
were of the same length and diameter. 
B. Resonator Impedance Measurements 
The resistive and reactive components of the resonator 
impedance as obtained from linear acoustic theory, have been 
given in equations (3.7a) and (3.8a). It is seen from 
equation (3.8a) that effective length, ieff' of a resonator 
neck completely defines the reactance of the resonator. At 
resonance, the reactance of the resonator vanishes. There-
fore, the effective length of the resonator neck can be 
determined from 
£ = c 2 so 
eff (we) 2y 
S.lb 
where w = resonant circular frequency. 
c 
The impedance of 
the resonator is purely resistive at resonance so that 
5 . 2b 
Garrl·son e t al (1 7 ) gave the expressions for the resis-
' . ' 
t ance and reactance of a resonator as 





P1 pressure at the neck of the resonator 
P 2 = pressure inside the resonator 
¢ phase difference between P 2 and P1 
Since the reactance is zero at resonance, it is seen from 
equation (5.4b) that the phase difference between P 2 and P1 
is ¢=90° at resonance. Also at resonance, the pressure at 
the resonator neck is a minimum. Therefore, the next minimum 
occurs at a distance s=(A/2)(1-M2 ) from the resonator neck 
as shown in chapter III. The occurrence of a pressure 
minimum at a distance of (A/2)(1-M 2 ) from the resonator neck 
establishes the resonance of the resonator. 
Using the ideas presented above, two methods were used 
for measuring the impedance of the resonators tested. 
(1) . Pressure-Phase Difference Method 
The resonator was installed at the end of the standing-
wave tube and was terminated by a solid piston which contain-
ed a microphone mounted flush to the surface of the piston. 
The piston was located between 1 and 1 1/2 inches from the 
center of the resonator neck. The pressure at the resonator 
neck was measured by the microphone in this piston. The 
pressure in the resonator cavity was measured by a microphone 
installed in the piston with which the resonator volume was 
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varied . Sound was generated at the frequency to which the 
resonator was to be tuned. The phase difference between the 
pressures at the neck and inside the cavity of the resonator 
was monitored on the phase meter. The resonator volume was 
then varied slowly until a phase difference of 90° was obtain-
ed. The magnitudes of the pressures and the volume of the 
resonator were recorded. From these measurements, the effec-
tive length and the resistance of the resonator were cal-
culated from equation (5.1b) and (5.3b), respectively. The 
resonator was always tuned at very low neck pressures (less 
than 100 decibels), where linear theory was applicable. To 
investigate amplitude effects, the pressure at the neck of 
the resonator was increased in steps of 3 to 6 decibels to 
the maximum obtainable with the system (up to 139 decibels). 
The pressures and their phase difference were recorded and 
the corresponding resistances and reactances were calculated 
from equations (5.3b) and (5.4b). The particle velocities 




S .. Sb 
After the resonator was initially tuned, the first pressure 
minimum in the standing-wave tube was observed to occur at a 
distance of (A/2)(1-M 2 ) from the neck of the resonator. 
(2), Standing-Wave Tube Method 
The resonator was terminated with an anechoic horn and 
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was tuned by obtaining a pressure minimum at a distance of 
(~/2)(1-M2 ) from the neck. Sound was generated at the 
frequency to which the resonator was to be tuned. The stand-
ing-wave tube microphone was set at (\/2)(1-M2 ) from the 
resonator neck. The volume of the resonator was then varied 
until a pressure minimum was recorded by the microphone. 
The volume of the resonator, the pressure and location of 
the microphone were recorded. The effective length was 
again calculated from equation (S.lb). Reflection-factor 
measurements were then made and were used to calculate 
the resistance and reactance of the resonator. The pressure 
was increased and similar measurements were made. 
A comparison between the pressure-phase difference and 
the standing-wave tube methods is shown in Table III. The 
pressure-phase difference method was used for all resistance 
measurements obtained in the absence of flow. When there 
was flow past the resonator, the standing-wave tube method 
was used, for obvious reasons. The pressure-phase difference 
method was assumed to be more accurate than the standing-wave 
tube method, because the measurements were more direct and 
no corrections were required as in the standing-wave tube 
method. 
C. Transmission-Loss Measurements 
Transmission-loss measurements were made using both 
steady-state and transient approaches. The steady-state 
approach utilized steady pure tones at the frequencies of 
Table III 
Comparison Between the Pressure-Phase Difference and the Standing 
Wave-Tube Methods for Resistance Measurements-Resonator No.2 
at 150 and 175 Hz 
Resonant Pa~ck Rb (ibm/ft 4 -sec) Rb (ibm/ft 4 -sec) % Deviation of Rb Frequency,Hz Pressure-Phase Standing-Wave Tube based on Pressure-
Method Method Phase Method 
150 76.0 77.20 78.25 1.36 
. 150 82.0 77.82 79.10 1.64 
150 88.0 78.52 79.92 1. 78 
150 94.0 88.39 91.33 3.33 
150 100.0 109.85 112.79 2.68 
150 106.0 147.69 154.42 4.56 
175 76.0 82.1 88.12 7.33 
175 82.0 82.78 88.83 7.31 
175 88.0 83.12 90.87 9.32 
175 94.0 96.02 108.05 12.53 
175 100.0 117.43 122.98 4.73 
175 106.0 156.66 162.19 7.99 
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interest, while for the transient approach single cycles of 
tone bursts were used at the frequencies of interest. 
(1). Steady-State Approach 
In order to obtain the transmission loss, it was 
necessary to measure the reflection and trnasmission factors 
of the elements. The reflection and transmission factors 
were measured using the standing-wave tube method. 
The test elements were installed between the standing-
wave tube and the transmission tube, which was terminated 
by an anechoic horn. Sound waves were generated by a J.B. 
Lansing acoustic driver located at the source end of the 
standing-wave tube. The sound-pressure level inside the 
tube was measured by a microphone which traversed the test 
section. The output of the microphone was filtered using 
a 1/10-octave bandwidth wave analyzer. This was necessary 
(especially, when there was flow in the tube) to insure 
that the pressure being observed was at the primary frequency 
of interest. The location of a pressure minimum was obtained 
by measuring equal pressures on either side of the minimum 
and taking the average of the distance between them as the 
location of the minimum pressure. The magnitude and the 
location of the minimum pressure were then recorded. The 
first pressure minimum (with respect to the standing-
wave tube termination) obtainable in the test section was 
always used, in order to minimize any possible errors in the 
reflection factor phase angle. It was pointed out by 
83 
Gatley (30) and by Simon (6) that the error in phase-angle 
measurements increased as the number of half wavelengths 
between the minimum location and the standing-wave tube 
termination increased. A reference pressure (which was 
usually the maximum pressure) was then measured at a distance 
of (A./4) (1-M 2 ) from the minimum. As was shown in chapter 
III, the distance between adjacent minima is (A./2) (1-M2 ); 
that means, then, that maximum locations are at a distance 
of (A./4)(1-M 2 ) from the minimum locations. The magnitude, 
phase and location of the reference pressure were also re -
corded. 
After all the necessary measurements in the standing-
wave tube were obtained, the magnitude and phase of the 
pressure as measured at the fixed microphone location in 
the transmission tube were recorded . 
From the data obtained in these measurements, the reflec -
tion and transmission factors were calculated using equations 
(3.11g) and (3.1lg). The transmi ssion loss was then cal-
culated from equation (3.20g). 
(2). Transient Approach (Single Pulse) 
The test set-up was the same as that used for the 
steady-state approach except that the output of the osci-
llator was connected to the acoustic driver through a tone-
burst generator. A single cycle was gated and enough time 
was allowed between pulses so that there was no interference 
between the pulses. Because of the "filter ring" that 
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occurred with single pulses, the microphone outputs were not 
filtered. It was found, by using single cycles of the tone 
burst, that the incident and the reflected waves could be 
distinguished from one another if the microphone was located 
at a distance of about 160 em or greater from the test 
elements . Because the elements were anechoically terminated, 
the transmitted-wave measurement did not present any distance 
requirements. The distance of the transmission-tube micro-
phone from the element was dictated by the construction of 
the element, since the transmission-tube microphone was fixed. 
The incident and transmitted pressures were recorded on a 
dualtrace oscilloscope and then recorded. A typical photo-
graph, showing the incident and transmitted pressures, is 
shown in Figure 21. The data obtained from the photographs 
were then used ~ o calcula t e the transmission loss. 
All the transient measurements were made without flow. 
This is because measurements in the presence of flow would 
require the use of the filter, and, a s was pointed out 
earlier, "filter ring" was always encountered when single 
pulses were generated in the tube. 
D, Insertion~Loss Measurements 
The insertion loss due to an acoustic element is defined 
as the difference between the sound pressure levels measured 
at the same location with the element first installed in the 
system and then replaced by an equal length of tubing. 
Insertion-loss measurements were made using (1) the anechoic 
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A1 ~ rnc~dent Sound Wave 
A2 = Transmitted Sound wave 
F~gure 21. Typical Transient Method Results 
horn as the termination of the element, and (2) a finite 
tailpipe as the termination. 
(1) . Anechoic Horn as the Termination 
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A straight pipe whose length was the same as that of 
the element was installed between the standing-wave tube and 
the transmission tube. The oscillator was set at a constant 
output voltage. Pure tones at desired frequencies were then 
generated and the sound pressure levels as measured by the 
transmission-tube microphone were recorded. The straight 
pipe was then replaced with the element and the sound pres-
sure levels were again recorded for the same oscillator 
output voltage. From these measurements, the values of the 
insertion loss were obtained. 
(2) . Finite Tailpipe as the Termination 
The combination of the element and tailpipe was installed 
at the end of the standing-wave tube, A random-noise 
generator, or recorded automobile exhaust noise, was used as 
the source of the sound incident on the element. The ambient 
noise level was measured by a sound-level meter located at a 
fixed position relative to the open end of the tailpipe. A 
spectrum analysis of the output of the sound-level meter 
was made using a 1/10-actave bandwidth analyzer. A random-
noise generator, or recorded automobile exhaust noise, was 
then used as the source of the sound incident on the element. 
The amplitude o£ the i'Rc±den·t sound was, a,djusted unti:l th_e 
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measured spectrum was significantly above the ambient noise 
spectrum (about 10 decibels or more; this was not always 
possible for frequencies below 100Hz) , After the spectrum 
analysis was made, the combination of the element and tail-
pipe was replaced by a straight pipe of equal length. 
Another spectrum analysis of the noise recorded by the 
sound-level meter was made, with the input voltage to the 
acoustic driver remaining the same . The insertion loss 
was then obtained from the measured spectra. 
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VI. DISCUSSION OF RESULTS 
The sound fields employed in this investigation were 
pure tones, single pulses, random noise and simulated engine 
exhaust noise. In this chapter, the results of pure-tone 
and single-pulse tests are compared for the various elements 
used (side-branch resonators, expansion chambers, and combi-
nations of resonators and expansion chambers). The results 
of random-noise tests and simulated engine-exhaust tests are 
also compared. 
A. Resonators 
(1) Resonator Impedance 
The acoustic characteristics of a resonator can be de-
termined once the impedance of the resonator is known. The 
impedance of a resonator, however, is dependent upon not only 
the geometry of the resonator (resonator neck size, cavity 
size), but also upon the amplitude of the sound wave present 
at the neck of the resonator and the flow Mach number past 
the resonator. 
The investigation of the effects of sound intensity, 
flow Mach number, geometry and size was done in conjunction 
with an NSF - sponsored project entitled, "An Experimental 
Investigation of the .· Effects of Ambient and Heated Steady 
Flow and Intense Sound Levels on the Response of Acoustic 
Filter Elements~', conducted by R.H, Schaffart (36) under 
Dr. W.S. Gatley. Detailed descriptions of equipment, 
methods and results of this phase of the present work are 
given in that thesis. 
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The impedance of a resonator consists of a real part 
(resistance) and an imaginary part (reactance) as discussed 
in chapter III, The effective length of the resonator neck 
and the cavity volume define the reactance, For each re-
sonator tested, the effective length was observed to remain 
relatively constant in the region where the neck pressures 
were less than 112 dB. The average value of the effective 
lengths in this region, for all the frequencies tested, was 
taken as the effective length of the resonator neck. The 
results of the effective-length measurements are shown in 
Table IV. 
Correlation of the effective lengths indicated that the 
various neck diameters used could not be correlated with a 
single equation as had been indicated by several previous 
investigators. The best expression for the effective length 





B = ~ 
t + B~do 6.1a 
resonator neck length 
resonator neck diameter 
empirical constant which appears to be a function 
o f t, do and the coupling between the neck .and the 
main · conducting tube of diameter , ds· 
The values of 6~ are given in Table IV, and seem to show the 
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same amount of scatter as found by other investigators. No 
defining relation for B~ could be obtained. 
Table IV 
Results of Effective-Length Measurements 
Mass end 
Neck Neck - Effective Correction 
Resonator Length, Diameter, Length, Coefficient, da/ds Number t (in.) d 0 (in.) ~eff(in.) B~ 
1 0.953 0.375 1.399 1.202 0.1875 
2 1.000 0.750 1.535 0.788 0.3750 
3 1.000 1.500 1.834 0.628 0.750 
Some of the expressions, found by other investigaotrs 
for the effective length of a resonator neck are given below. 
The classical value of the effective length as given by 
Rayleigh and Helmholtz is 
~eff = t + 0.85d 0 6.2a 
The classical value is a theoretically-derived expression 
based on the assumption that the resonator neck is a 
vibrating piston in an infinite plane. Kinsler and Frey (31) 
suggested, from theoretical considerations, that the end 
correction for a resonator neck terminated in a wide flange 
should be ~L=0.85(do/2) at the flanged end, while the end 
correction for a resonator neck with unflanged termination 
should oe ~L=0,6(do/2) at the unflanged end. If it is assumed 
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that one end o£ the resonator neck is flanged and the other 
unflanged, the effective length would then be given by 
6.3a 
Morse (7) derived an expression for the effective length as 
where s0 is the resonator neck area . Equation (6.4a) can be 
written in terms of neck diameter as 
2eff = t + 0.708d 0 6.5a 
From the reported data of Bies and Wilson (15), the effective 
length could be expressed, approximately, as 
2eff = t + 0.57Sd 0 6.6a 
The resonator used by Bies and Wilson had a neck which 
was 1.~3 inches long and 3.5 inches in diameter and was 
mounted on a 10-inch diameter impedance tube. Garrison, et 
al. (17) reported that the effective length was best describ-
ed from their data by 
6,7a 
Garrison, et al., used resonator arrays with neck lengths of 
0.05 to 0.25 inch and neck diameters of 0,047 to 0.094 inch. 
The pressures at the resonator neck ranged from 140 to 160 
decibels. 
The discrepancy between the end corrections for the 
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effective length reported by various investigators is obvious 
from equations (6.1a) through (6.7a). The end correction 
seems to depend not only on the diameter of the resonator 
neck, but also on the nature of the coupling between the re-
sonator cavity and the main conducting pipe. The end correc-
tion coefficient, S~, decreases as the ratio d 0/ds increases, 
where ds is the diameter of the main-conducting pipe. The 
curvature at the entrance of the resonator becomes more and 
more pronounced as d 0 /ds increases, thus making the assump-
tions of Rayleigh invalid. 
A slight decrease in effective length was noticed with 
increasing pressure at the neck of the resonator. Because 
of the order of magnitude of this decrease (7 percent or 
less up to 153 dB incident pressure), no correction of the 
effective length for pressure amplitude was used. 
The effect of flow on the effective length was investi-
gated in the work reported here. The data from all the re-
sonators were correlated in the form of an empirical formula 
i ff = ~ ff (1.0 - 2.19 M) 
e v e NF . 
6.8a 
where 
v denotes flow 
NF denotes no flow 
M = flow Mach number 
Test results with heated flow were in agreement with equation 
(6.8a), which indicates that the Mach number is the important 
parameter, rather than the absolute flow velocity. Garrison, 
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et al. (17) obtained a similar expression for resonator 
arrays, but with a ccefficient of 1 , 65 multiplying the Mach 
number. The results of Phillips (20) showed that as the flow 
Mach number increased, the effective length decreased until 
a critical Mach number was reached, at which the effective 
length became equal to the geometric length of the resonator 
neck . Assuming that £eff=t (the geometric length of the neck) 
at a critical Mach number, M , then the critical Mach number 
cr 
corresponding to equation (6.8a) can be written as 
2.19 2effNF 
6.9a 
where o is the end correction for no flow. The Mach numbers 
used in the present investigation ranged from 0.042 to 0.107 
and were below the critical Mach number for all the resonators 
tested. 
The resistance data showed that the resistance of the 
resonator neck remained constant for a range of particle 
velocities. As the particle velocity was further increased, 
the resistance increased until it became a linear function 
of particle velocity as shown in F igures 22 a nd 23. The 
range of particle velocities in which the resistance remain-
ed constant characterized the region of linear resistance 
(in this region the acoustic pressure is proportional to the 
particle velocity), while the range of particle velocities 
in which the resistance became a linear function of particle 
velocity characterized the region of nonlinear resistance 
(in this region the acoustic pressure is proportional to the 
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square of the particle velocity) f The critical particle 
velocity at which the resis t ance became nonlinear was 
found to be different for the different resonator neck 
diameters tested , The critical particle veloc±.ties were 
12.0, 6 . 0 and 4,5 ft/sec for resonator neck diameters of 
0 . 375, 0.75 and 1.5 inches, respectively . 
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The resistance data, in the linear region (without 
flow), showed that the resistances were higher than those 
predicted by equation (3 . 7a), which was empirically derived 
by Ingard (10) as described in chapter III . To account for 
the additional resistance, an empirical end ~ correction 
coefficient, y , was added to Ingard's formula to yield 
r 
6 .1 0a 
The empirical resistance end-correction coefficient, Yr' 
varied for the resonator necks tested. The values obtained 
were 1.173, 0.715 and 1.113 for the neck diameters of 0.375, 
0.750 and 1.50 inches, respectively . The res i stance end 
correction was attributed to the geometry of the resonator 
necks, although no direct correlation could be made. 
The nonlinear resistan ce for al l the resonators te s t ed 
was found to be a linear function o f p article velocity . The 
best expression for the resistance in the nonlinear reg i on 
was found to be 
6 . 11a 
where Br = empirical nonlinear resistance coefficient. 
The values of Br were 0.834, 0.941 and 0.871 for neck 
diameters of 0.375, 0.750 and 1.50 inches, respectively. 
Ingard and Ising (18) obtained a value of B =1.0 in their r 
experiments with thin orifices while Garrison, et al. (17) 
obtained a value of Sr=0.37/(Cf) 2 for multiple orifices, 
where Cf is the orifice flow coefficient. 
The resistance measurements made with a single pulse 
showed a considerable increase in the value of the linear 
resistance as compared to the value obtained with steady-
state sound. The resistance obtained with a single pulse 
was expressed as 
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Rb = steady-state linear resistance 
a' = empirical constant 
The values of a' obtained were 14.2, 13.1 and 11.5 for re-
senator neck diameters of 0.375, 0.750 and 1.50 inches, 
respectively. Figure 24 shows a comparison between the 
resistances obtained using steady-state and single-pulse 
excitation. The resistance of the resonator for a single 
pulse was practically constant for the particle velocities 
obtainable with the experimental system. This range of 
particle velocities covered the regions of linear and non-
linear resistances that were obtained with steady-state ex-
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state excitations were both obtained using the pressure-
phase difference method. Although the single-pulse 
measurements were less accurate (errors of up to ± 8° in 
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the phase difference measurements) than the steady-state 
measurements, the error in the resistance calculations was 
less than ± 10%. The considerably higher resistances 
exhibited by the resonator neck under single-pulse excitation 
could be attributed to the complex acoustic-flow phenomenon 
occuring at the resonator neck. It is the author's conjec-
ture that, under single-pulse excitation, the velocity in 
the resonator neck is not uniform (as is usually assumed 
for steady-state excitation), and that the tangential 
velocity at the entrance of the resonator neck is very high 
thus making a much more significent contribution to the 
total viscous dissipation than was estimated by lngard QO) 
for steady-state excitation. Tt was noted that the resonator 
reactance was the same for both single~pulse and steady-state 
excitations. 
The effect of putting materials in the form of wire 
screens at the resonator neck was also investigated~ It was 
discovered that when there was flow past a resonator, sound 
was generated at and above the frequency to which the resona-
tor was tuned. The sound generation was primarily caused by 
the flow turbulence at the resonator neck. In order to 
eliminate this sound, the flow turbulence had to be broken 
up. One effectiv~ way of achieving this was found to be the 
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the effect of a 1/32-inch diameter wire screen with 0.25-
inch mesh size on the resistance of a resonator. The re-
sistance was increased by a constant value in the linear 
region~ In the nonlinear region, however, the effect of the 
screen was to decrease the resistance, and this decrease was 
more and more pronounced as the particle velocity increased. 
The nonlinear region is a region of acoustic flow turbulence 
in the resonator neck (18). The screen at the resonator 
neck tends to break up this turbulence, thus decreasing the 
acoustic resistance. 
The total resistance of the resonator neck in the 
linear region (Rb) can be expressed as 
where 
Rb is given in equation (6.10a) 
Rs = resistance of the screen 
The resistance of the screen, Rs, was expressible as 
Rs = SoRsc 
where Rsc = resistance per unit area. 
6.13a 
6.14a 
The resistance of the resonator as a function of flow 
past the neck showed two distinct regions in which the re-
sistance behav ed differently. At low acoustic pressures, 
for any given flow Mach number, the ratio of the resistance 
with flow to the resistance without flow (RbviRbNF) was 
found to decrease as the acoustic pressure at the resonator 
neck increased. Beyond some critical value of pressure, the 
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resistance ratio became constant for further increases in 
the neck pressure. The ratio of resistances with and with-
out flow is shown in Figure 26. The critical pressure at 
which the resistance ratio became independent of pressure 
was d ifferent for the various resonator neck diameters 
tested, and also for the various Mach numbers used. For 
a given Mach number, it was found that the critical pressure 
increased as the resonatoT neck diameter decreased. The 
critical pressures were found to be approximately 0.75 and 
0 . 5 psf for resonator neck diameters · of 0 , 375 and 0.750 
t~ches, respectively, at a Mach number of 0.083. These 
critical pressures corresponded to incident sound-pressure 
levels of 118 and 115 dB (ref. 0 . 0002 ~bar), respe c tively . 
At a Mach number of 0.107, the critical pressures correspond-
ed to incident sound-pressure levels of 125 and 120 dB. 
In the region in whi~h the resistance ratio was constant, 
the resistance with flow (Rb ) followed the trend reported 
v 
by Garrison, et al . (17), 
6.15a 
where Rb = resonator resistance in the absence of flow . 
NF 
In automotive exhaust systems, the Mach numbers encountere d 
could be up to 0.15 and the sound-pressure levels could be 
up to 160 decibels . In such applications, equation (6 . 15 a ) 
would ~dequately predict the resonator - resistance due to 
flow. 
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(200°F) flow followed the same trend as those made with 
cold flow, again pointing to the fact that Mach number, 
rather than the flow velocity, was the important parameter. 
(2). Response of Resonators Terminated Anechoically 
Before discussing the results in this section, it is 
appropriate to discuss some of the criteria used in acoustic 
filter evaluation. Three basic criteria are used to evalu-
ate the performance of an acoustic filter, namely, "Trans-
mission Loss", "Attenuation" and "Insertion Loss". 
"Transmission Loss" is the ratio of the sound power 
incident on the filter to the sound power transmitted 
through the filter. As pointed out by Baade (32), trans-
mission loss is useful in describing the characteristics 
of an acoustic filter when it is completely isolated (i.e. 
when the filter is preceded by an infinitely long pipe and 
is terminated in an infinitely long pipe). In an actual 
application, however, an acoustic filter interacts with 
the system in which it is installed and its performance is 
greatly influenced by the system. As a result, a filter 
which has good transmission loss performance could perform 
poorly in a real system (32). 
"Attenuation" is the ratio of sound powers at any two 
arbitray points in the system upstream and downstream from 
the acoustic filter. From the very definition of attenuation 
it is obvious that it does not promote any understanding of 
the performance of the filter or the total system. 
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"Insertion Loss" is the difference between the sound-
pressure levels measured at the same location without the 
filter, and with the filter installed in the system. From 
the noise-control standpoint, insertion loss is probably the 
best criterion for evaluating the effectiveness of an acous-
tic filter, since it takes into account the interaction 
between the filter and the system in which it is used. 
In the present work, filter evaluation has been made in 
terms of both transmission loss and insertion loss. The 
author feels that these two criteria can be used hand-in hand 
in the design of acoustic filters. The resonator responses 
without flow are shown in Figures 27 through 30 in the form 
of transmission loss, and in Figures 31 and 32 in the form 
of insertion loss7 In both cases the resonators were termi-
nated anechoically. The theoretical transmission loss and 
insertion loss curves were obtained using equations (3.11a) 
and (3.12a) with the appropriate resonator impedances as 
given by equations (6.1a) and (6.10a). 
The experimental transmission loss results showed good 
agreement with theory for the tests made with steady-state 
excitation in the absence of flow for the resonators. Some 
response measurements were made using single-pulse excita-
tions. Comparisons of the respons e of the resonators to , 
steady-state and single~pulse excita t ions are shown in Figures 
27 through 30 . With single-pulse excitation, the -transmission 
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Figure 32, No-Flow Insertion Loss of Resonator No. 3, d0 = 1.5 inches, Lc = 1.94 inche s Resonator Located 76,5 inches from the Source 
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loss near resonance ~as considerably less than that with 
steady-state excitation. Off resonance, however, the single 
-pulse transmission loss was observed to be higher than 
that for steady-state excitation. The resistance measure-
ments made with single-pulse excitation, as discussed 
earlier, showed that the resistance was from 11 to 14 times 
as large as the resistance obtained with steady-state 
excitation. This, in part, explains the lower values of 
transmission loss observed near resonance and higher values 
above resonance. 
Figure 30 shows a comparison of the response of a single 
-chamber resonator with the holes at a distance of 1 3/4 
inches from the inlet and 4 1/2 inches from the inlet, 
respectively. The total length of the chamber was 9 inches. 
The steady-state response was practically the same for the 
two cases, except at resonance, where the response was 
lower when the holes were 1 3/4 inches from the inlet. This 
behavior was probably due to wave motion inside the resonator 
cavity. 
The experimental insertion loss showed good agreement 
with theory for the no-flow case (see Figures 31 and 32). 
The theoretical insertion loss was calculated using equation 
(3.12a) and the appropriate resonator impedances . The sound 
source was assumed to be a constant pressure source, and was 
located at a distance of 76.5 inches from the resonator. The 
theoretical transmission-loss curves are plotted in the 
figures for comparison with the theoretical insertion loss. 
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The effect of pressure amplitude on the insertion loss 
of a resonator is shown in Figure 32. The insertion loss 
was reduced by high-amplitude sound waves only in a narrow 
frequency band around resonance , In this band, the incident 
sound-pressure level for the low-amplitude test was approxi-
mately 105 dB, and that for the high-amplitude test was 
approximatelr ~35 dB , 
The transmission loss of the resonators in the presence 
of steady flow is shown in Figures 33 through 39 . Equations 
( 6 . 8 a ) , ( 3 . 5 a) and ( 6 . 1 5 a) were us e d to c a 1 c u 1 ate the 
theoretical transmission Loss . The experimental results 
showed good agreement with theory for the resonator with 
neck diameter of 0 . 75 inch both for cold flow and heated 
flow. For the resonator with ~ . 5-inch neck diameter, fairly 
good agreement Between theory and experiment was observed 
for a Mach number of 0.083. The disagreement with theory 
increased as the Mach number was increased to 0.107. The 
resonator with multiple-holes showed greater deviation from 
theory for Mach numbers of 0.042 and 0.092 (see Figure 39). 
During the tests with the multiple-hole resonator, it ~as 
observed that there was some "whistling" noise generated 
with flow, and this self-noise became more intense with 
increas i ng Mach number, Tne deviation from theory with flow 
was concluded to be due to the fact that there was some 
noise generated by the flow past the resonator. The noise 
generated was considered to be primarily due to flow-
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Figure 33. Transmission Loss of Resonator No. 2 with Flow Mach Number of 0.083 
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Figure 34. Transmission Loss of Resonator No. 2 with Heated Flow Mach Number of 0.095 
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Figure 35. Transmission Loss of Resonator No. 2 with Flow Mach Number of 0.083 
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Figure 36. Transmission Loss of Resonator No. 2 with Flow Mach Number of 0.107 
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Figure 37. Transmission Loss of Resonator No. 3 with Flow Mach Number of 0.083 
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Figure 38. Transmission Loss of Resonator No. 3 with Flow Mach Number of 0.107 
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Figure 39. Transmission Loss of Single Chamber Resonator with and without Flow 
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1.0 
noise generated by flow past a resonator as a function of 
Mach number has not been fully investigated by anyone as 
far as the author knows, Self-noise occurs, not only in 
resonators with multiple holes, but also in resonators 
having single holes. More discussion on resonator self-
noise and its abatement is presented in section E of this 
chapter. 
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The effect of pressure amplitude on the response of a 
resonator in the presence of flow is shown in Figure 33. 
Only a narrow frequency band centered at resonance (with 
flow) was investigated since pressure-amplitude effects are 
more noticable at resonance. It was found that the measured 
trans~ission loss at resonance for a resonator neck pressure 
of ~12 dB was lower than the measured transmission loss for 
a neck pressure of 122 dB by about 3 dB at a flow Mach 
number of 0.083. This could be explained by the behavior 
of the resistance ratio (Rb /Rb ), shown earlier in Figure 
v NF 
26, in which the resistance ratio decreased as the resonator 
neck pressure was increased to some critical value. If the 
neck pressure is high enough so that the no-flow resistance 
is in the upper range of the nonlinear region, the resistance 
of the resonator neck could be high enough to cause the 
transmission loss to decrease at resonance with increasing 
pressure. This statement can be clarified better by a 
numerical example for the 0.75-inch neck diameter resonator 
at a flow Mach number of 0.083. The resonant frequency with 
flow Mach number of 0.083 is approximately 200 Hz. 
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(a) , For neck pressure, Pneck=l12 dB (0.167 psf) at 200 Hz, 
Rb 
v ~ 2 ~ 4 (from Figure 26) 
(from resistance data) 
Hence Rbv = 530 e4 lbm/(ft 4 -sec) 
Transmission Loss = 12.7 dB 




~ 1.18 (from Figure 26) 
RbNF = 739 lbm/Cft 4 -sec) 
Hence Rbv = 8 7 2. 0 2 1 bm/ :(£t 4 -.s-ec l 
Transmission Loss = 10,2 dB 
This example, in conjunction with the results of Figure 33, 
indicate that, as the resonator neck pressure is increased 
from a low value (in the presence of flow ) to a very high 
value, the maximum transmission loss increases to a maximum 
and them starts to decrease. 
The experimental insertion loss in the presence of flow 
showed good agreement with theory (see Figures 40 and 41) . 
The theoretical insertion loss was calculated using equation 
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Figure 40, Insertion Loss of Resonator No. 3 with Flow Mach Number of 0.042, B = 
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Figure 41, Insertion Loss of Resonator No, 3 with Flow Mach Number of 0.083, 




B, Response of Expansion Chambers with Anechoic Termination 
Expansion-chamber responses, in terms of transmission 
loss, are shown in Figures 42 through 45. The experimental 
results for steady-state excitations showed good agreement 
with the theoretical transmission loss both for the no-flow 
and flow cases. Comparison between the flow and no-flow 
responses showed that the transmission loss of an expansion 
chamber is practically unaffected by flow in the range of 
Mach numbers (up to 0.107) tested. No pressure-amplitude 
effects were observed with the expansion chambers for in-
cident sound-pressure levels up to 150 dB. 
The response of an expansion chamber to single-pulse 
excitation is also shown in Figures 42 and 44. The trans-
mission loss obtained using single pulses did not show the 
same frequency dependence as did that obtained using steady-
state excitation. This is because the number of internal 
reflections that occur inside the expansion chamber is not 
infinite as is the case when steady-state excitation is 
used. The 30-inch long expansion chamber yielded an almost 
constant transmission loss (with single-pulse excitation), 
which was very nearly equal to the transmission loss of the 
expansion chamber assuming no internal reflections. The 18-
inch long expansion chamber showed very slight frequency 
dependence of the transmission loss for single-pulse ex ~ 
citation at frequencies above 250 Hz. Be c a u se of the 
relatively short chamber length, some internal reflections 
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Figure 42. No~Flow Transmission Loss of an Expansion Chamber 




















0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
FREQUENCY (KHZ) 
Figure 43. Transmission Loss of an Expansion Chamber with Flow Mach Number of 0.107 
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Figure 44. No-Flow Transmission Loss of an Expansion Chamber 
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Figure 45. Transmission Loss of an Expansion Chamber with Flow Mach Number of 0.107 




have some frequency dependence. 
The insertion-loss results are presented in Figures 
46 through 48, The experimental results showed excellent 
agreement with theory. The expansion chambers were located 
75 inches from the sound source, In obtaining the theore~ 
tical insertion loss, the source was assumed to be a constant 
~pressure source. As in the case of the transmission loss, 
it was observed that the effect of flow on the insertion loss 
of an expansion chamber was very small. 
C. Response of Louvered Tubes with Anechoic Termination 
The results of insertion-loss tests done with louvered 
tubes are shown in Figures 49 through 53, The maximum 
insertion loss obtained, with the 11,25-inc~ louvered tube 
inside a 2.9-inch shell, was about 5 dB. Increasing the 
length of the louvered tube did not seem to improve its 
performance (~ompare Figures 49 and 50) except near 475 Hz. 
Near this frequency, the insertion loss was greater, by 
about 2 to 3 dB, for the longer tube. 
The transmission loss of the 11.25-inch louvered tube 
inside a 2.9-inch shell is also shown i~ Figure 49. The 
transmission loss was practically zero up to a frequency of 
175 Hz. Above this frequency, the transmission loss increased 
to a maximum of about 4 dB near 250 Hz and gradually 
decreased as the frequency increased. 
The effect of the size of the louvered-tube outer shell 
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Figure 46. No-Flow Insertion Loss of an Expansion Chamber Located 75 inches from 
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Figure 47, Insertion Loss of an Expansion Chamber Located 75 inches from the Source 
with Flow Mach Number of 0.083, Chamber Length = 18 inches, 
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Figure 48. No-Flow Insertion Loss of an Expansion Chamber Located 75 inches from the 
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Figure 49. No-Flow Insertion Loss of Louvered Tube, Tube Diameter = 2 inches, 
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Fi gure 50, No ~Flow Insertion Loss of Louvered Tube, Tube Diameter = 2 inches, 
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Figure 51. No-Flow Insertion Loss of Louvered Tube, Tube Diameter = 2 inches, 
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Figure 52, Insertion Loss of Louvered Tube with Flow Mach Number of 0,042, 
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Figure 53. Insertion Loss of Louvered Tube with Flow Mach Number of 0,083, 
Tube Diameter = 2 inches, Tube Length= 11.25 inches, 
Shell Diameter = 2.4 inches 
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0.9 1.0 
tube contained in the larger diameter shell showed the 
greater insertion loss (about 2 to 3 dB greater near 
frequencies of maximum insertion loss). 
Comparison of the flow and no-flow tests showed that 
flow rates up to Mach 0.083 did not affect the insertion 
loss of the louvered tubes. 
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D. Combinations of Acoustic Elements with Anechoic Termina-
tion 
Combinations of acoustic elements were investigated, and 
the results are shown in Figures 54 through 61 . The trans-
mission loss of the combination of a resonator and an expan-
sion chamber is shown in Figures 54 and 55. The combination 
was tested both with the resonator preceding · and following 
the expansion chamber. The coupling length between the 
resonator and the expansion chamber was 3.75 inches. The 
experimental results showed that the performance of the 
combination was practically the same, both when the resonator 
preceded and followed the expansion chamber. The agreement 
between theory and experiment was good for no-flow case, the 
experimental values being slightly higher than theoretical 
values between 300 and 450 Hz. The resonator was tuned to 
a frequency whose wavelength was twice the length of the 
expansion chamber. The resonator improved the performance 
of the combination at its resonant frequency in the absence 
of flow. 
The response o :f; the COJllD ~-nat ~on to s .~n~le -:.puls:e 
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Ft gure 54, No ~ Flow Transmission Loss of the Combination of Resonator No. 1 and 30-
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Figure 55. Transmission Loss of the Combination of Resonator No. 1 and 30~inch Long 
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Fi gure 56, No -Flow Insertion Loss of the Combination of Resonator No. 3 and 18-inch 
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Figure 57. Insertion Loss of the Combination of Resonator No. 3 and 18-inch Long 
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Figure 58, Insertion Loss of the Combination of Resonator No. 3 and 18-inch Long 
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Figure 59, No ~ Flow Insertion Loss of the Combination of Resonator No. 3 and 11.25-
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Figure 60. Insertion Loss of the Combination of Resonator No. 3 and 11.25-inch 
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Figure 61. rnsertion Loss of the Combination of Resonator No, 3 and 11,25-inch Long 
Louvered Tube with Flow Mach Number of 0.083, d0 = 1.5 inches, Lc = 1.94 inches, Coupling Length = 5.5 inches, Shell Diameter = 2.4 inches 
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excitation is also shown in Figure 51. The transmiss i on 
loss obtained for single-pulse excitation was almost 
constant at a value of about 7 dB in the frequency range 
tested (125 to 500Hz). Compared to the transmission loss 
of the expansion chamber (6 . 5 dB), without internal reflec ~ 
tions, the combination can be said to act like an expansion 
chamber only, for single-pulse excitation. This is not very 
surprising, since as was discussed earlier, the transmission 
characteristics of resonators excited with a single pulse 
are very poor. 
The experimental transmission loss showed good agree-
ment with theory in the presence of flow. The transmission 
loss was significantly reduced, at the resonant frequency of 
the resonator, by flow. In the regions where the influence 
of the expansion chamber dominated, the effect of flow was 
very small . The effect of flow on the combination was, thus, 
similar to that observed for the individual elements. 
The insertion loss of a resonator followed by an expan-
sion chamber (with coupling length of 3.75 inches) is shown 
in Figures 56 through 58, and the i nsertion loss of a reso-
nator followed by a louvered tube (with coupling length of 
5.5 inches) is shown in Figures 59 through 61. The experi ~ 
mental insertion loss of the resonator expansion chamber 
combination was in good agreement with theory both for flow 
and no - flow cases . The combination was located at a distance 
of 84 . 5 i nches from the sound source . In obta i ning the the -
oretical insertion loss, the sound source was assumed to be 
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a constant~pressure source. It was observed that the 
insertion loss of the combination neaT the resonant frequency 
of the resonator decreased as the flow rate was increased 
up to Mach 0.083, while a slight increase in insertion loss 
occurred between 375 and 400 Hz as the -flow, rate was in-. 
creased. A higher insertion loss was achieved with the · 
combination than with the single elements. The experimental 
insertion loss of the resonator~louvered tube combination 
also showed that increasing the Mach number caused a de-
crease in the insertion loss of the combination near the 
resonant frequency of the resonator. The performance of 
the resonator-expansion chamber combination was better than 
that of the resonator-louvered tube combination in the 
frequency range tested (100 to 500 Hz) both for the flow and 
no-flow cases, except between 350 and 425 Hz, where the no-
flow insertion loss was less for the resonator-expansion 
chamber combination. The expansion chamber used in the 
combination had a pass band near 375 Hz. 
E. Response of Acoustic Elements Terminated with a Finite 
Tailpipe 
Before discussing the insertion loss of acoustic 
elements terminated with finite tailpipes, it is important 
to discuss the reflection factor of an unflanged circular 
tube. The reflection factor of a 2 ~ inch diameter unflanged 
tube is shown in Figure 62. The measured values for 
the no-flow case were in good agreement with theory. The 
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Fi gure 62. Reflection Factor of a 2-inch Diameter Unflanged Circular Tube 
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theoretical reflection factor was slightly higher (by a 
maximum of 2.8% at 1000 Hz) than the measured values. The 
theoretical reflection factor (equation (3.6f)) is an 
approximation, which was derived by Levine and Schwinger 
(33) for ka<1. The approximation is higher than the exact 
value by less than 3% in this region (33). For the un-
flanged tube tested, ka=0.4622 at 1000 Hz. The agreement 
between the theoretical and measured reflection factors was 
considered to be very good for the no-flow case. The 
measured reflection factor, at a flow rate of Mach 0.083, 
was observed to change very little for frequencies up to 
500 Hz. Above this frequency, the reflection factor in-
creased, practically, to unity. Sound transmission through 
a 2-inch diameter unflanged tube is shown in Figure 63. The 
sound pressure transmitted through the unflanged tube was 
measured using the method outlined in section D of chapter 
V. It can be seen that the transmitted p ressures for both 
the flow and no-flow cases are very nearly equal when the 
background noise is less than the transmitted sound (with 
flow) by 10 dB or more. This means that for constant 
incident pressure, the energy transmitted through the un-
flanged tube in the absence of flow is equal to that trans-
mitted in the presence of flow. Since there is no energy 
dissipation at the open end of the tube, there is also 
a constant-energy reflection at that point. For constant 
energy reflection, it would be anticipated that the reflec-
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Fi gure 63. Sound Transmission Through a 2-inch Diameter Unflanged Tube 




than without flow (34), 
When there is flow past a side-branch resonator, a 
pure-tone sound is generated by the resonator. Sound 
generated by a side-branch resonator is shown in Figures 64 
and 65. The sound measurements were made at a location 
approximately 6 inches from and 6 inches to the side of the 
tailpipe terminating the resonator. When the resonator is 
terminated with a finite tailpipe, it is seen, from these 
figures, that the frequency of the pure tone depends both 
on the tailpipe length and the flow Mach numbers. The 
magnitude of the generated sound is also dependent on the 
tailpipe length and the flow Mach number . The resonator 
was tuned at a frequency of 340 Hz. At a flow Mach number 
of 0.083, the pure-tone sound generated was at a frequency 
of about 340 Hz for tailpipe lengths of 3 1/2 and 57 1/2 
inches, but at a frequency of about 420 Hz for a tailpipe 
length of 13 1/2 inches. For a tailpipe length of 57 1 /2 
inches and a Mach number of 0.017, the pure tone was 
generated at about 510 Hz. No conclusive statements could 
be made about the frequency nor the magnitude of the pure-
tone sound generated by flow (as a function of ~ach number 
and tailpipe length). The "self noise" of the resonator 
was believed to be caused, primarily, by flow turbulence at 
the resonator neck. Thus; breaking up this turbulence 
would help to reduce the "self noise". A 1/4-inch mesh 
wire screen was used at the resonator neck for this purpose. 
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Figure 65. Sound Generat l on by Flow Past a Resonator Tuned at 340 Hz ~t = 57 1/2 inches ' 
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was effective in eliminating the "self noise" of the re-
sonator due to flow for various Mach numbers and tailpipe 
lengths . The addition of wire screen at the neck of the 
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resonator increases the resistance of the neck as was dis-
cussed earlier, so the additional resistance due to the wire 
screen must be added to the impedance of the resonator. 
The insertion loss of a resonator with finite tailpipe 
is shown in Figures 66 through 71. A 1/4-inch mesh wire 
screen was used at the neck of the resonator in order to 
eliminate the self-noise of the resonator as discussed ear-
lier. The experimental results showed reasonably good 
agreement with theory for no-flow cases in the frequency 
range tested (100 to 750Hz), The theoretical insertion 
loss was computed using equations (3 . 3f) through (3.6f), 
and involved the reflection factor of an unflanged circular 
tube. The good agreement between the experimental and 
theoretical insertion loss indicates that the theoretical 
modeling of an acoustic filter with a finite tailpipe 
(chapter III, section F) is adequate in describing its 
performance. 
The effect of tailpipe length on the performance of a 
resonator is seen by comparing Figures 66, 67 and 68 . The 
tailpipe caused a pass band centered near the frequency 
which has a wavelength twice the length of the tailpipe. 
The pass - band width decreased as the tailpipe length was 
increased. A cut-off frequency below which no attenuation 
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Fi gure 66. No-Flow Insertion Loss of Resonator No. 3 Terminated with 8.75-inch Long 
Tailpipe, d
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Figure 67. No-Flow Insertion Loss of Resonator No, 3 Terminated with 11.75-inch Long 
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Figure 68. No-Flow Insertion Loss of Resonator No, 3 Terminated with 18-inch Long 
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Figure 69. Insertion Loss of Resonator No. 3 Terminated with 8.75-inch Long 
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Figure 70. Insertion Loss of Resonator No. 3 Terminated with 11.75-inch Long Tailpipe 
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Figure 71. Insertion Loss of Resonator No. 3 Terminated with 11.75-inch Long 
Tailpipe with Flow Mach Number of 0.107, d0 = 1.5 inches, 




decreased as the tai-lpipe length was i-ncreased , 
Flow rates up to Mach 0.107 caused a sign~£~c~nt 
decrease of the insertion loss near the resonant frequency 
of the resonator. The tailpipe resonances appeared to be 
unaffected by flow (no appreciable change in insertion loss 
was observed at the tailpipe resonances) . 
The response of an expansion chamber terminated with 
a finite tailpipe is shown in Figures 72 through 74. The 
measured insertion loss was in fairly good agreement with 
theory both for the flow and no~flow cases in the frequency 
range (100 to 900 Hz) tested. Flow effects on the insertion 
loss were almost negligible up to a flow rate of Mach 0,083, 
As observed previously, pass bands, centered near the 
frequencies whose wavelengths were twice the tailpipe 
lengths, were observed. 
The effect of lining the expansion chamber walls with 
absorbing material is shown in Figure 74~ The absorbing 
material used as the liner was steel wool. Two liner thick-
nesses (1/2~inch and 1 1/2..-inch thickness) were used. The 
steel wool was packed as evenly as possible to provide a 
packing density of about 8 lb/ft 3 • As can be seen from 
Figure 74, the performance of the expansion chamber was 
improved by the use of absorbing liner . The 1 1/2-inch 
thick liner provided higher insertion loss than the 1/2-inch 
thick liner at all the frequencies tested. With the 1 1/2 -
inch thick liner, a very slight increase in insertion loss 
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Figure 72. No-Flow Insertion Loss of an Expansion Chamber Terminated with 8.75-
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Figure 73. Insertion Loss of an Expansion Chamber Terminated with 8,75-inch Long 
Tailpipe with Flow Mach Number of 0,083, Chamber Length = 18 inches, 
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Figure 74. No-Flow Insertion Loss of Lined and Unlined Expansion Chamber Terminated 
with 30 ~. inch Long Tailpipe, Chamber Length = 18 inches, 
Chamber Diameter = 5.047 inches 
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obtained below 250 Hz. However, above this frequency a 
significant increase (up to 8 dB) was obtained, 
F. Response of a Simple Prototype Muffler 
A simple prototype muffler consisting of a resonator 
16 7 
(tuned at 250 Hz) and an 18-inch expansion chamber (chamber 
diameter of 5.047 inches) was tested with pure tones, random 
noise and simulated automobile exhaust noise. Tailpipe 
length of 48 and 57 inches were used to terminate the muffler. 
The insertion loss of the muffler and tailpipe is shown 
in Figures 75 and 76 for the various sound sources used. 
Examination of these figures shows that there is very good 
agreement between theory and the measured insertion loss for 
pure-tone excitation. The pure-tone measurements were made 
inside the straight pipe and the tailpipe at a distance of 
1 inch from the open end. This was done in order to elimi-
nate the effect of standing waves caused by reflections from 
the walls of the room. The insertion loss obtained with 
random-noise excitation showed fairly good agreement with 
theory, but the insertion loss obtained with simulated ex-
haust-noise excitation showed much deviation from the the-
oretical insertion loss throughout the frequency range from 
75 to 600 Hz. The discrepancy between the insertion loss 
obtained using simulated exhaust-noise excitation and the 
theoretical i nsertion loss could be due to two reasons: (1) 
The theoretical insertion loss is based on pure-tone exci-
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1/10-octave bandwidth frequency analysis. However, this 
reasoning does not adequately explain the discrepancy, since 
the insertion loss obtained with random noise (which was 
also obtained by using 1/10th-octave bandwidth frequency 
analysis) showed fair agreement with theory . (2) According 
to Davies (28) automobile exhaust noise is made up of a serie~ 
of single pulses traveling down the tube , The insertion 
loss characteristics of the muffler under simulated exhaust-
noise excitation bear much resemblance to the transmission 
loss characteristics of acoustic elements as discussed in 
the previous sections under single-pulse excitations. That 
is to say, the insertion loss near the resonance of the 
resonator is much reduced, and the insertion loss of the 
expansion chamber has little dependence on frequency, the 
expansion chamber acting as though the internal reflections 
were finite in number rather than infinite as assumed by 
theory. 
Figures 77 and 78 show spectograms for the muffler 
terminated with 48-inch tailpipe with incident pressures 
(random noise) of 103 dB and ~20 dB (which was the maximum 
obtainable with the system) near the resonant frequency 
(250 Hz) of the resonator . From these figures it can be 
seen that increasing the incident pressure level from 103 to 
120 dB had little effect on the peak insertion loss of the 
muffler due to the resonator component, An overall inser ~ 
tion loss of about 6 dB (on the flat response scale) was 



















---Muffler+ 48-inch Tailpipe 





I I I 
I \' I 
I l 1 
I ) I 
( \ r' 
J \... I 
I \} 
40~----~----~~--~~--~~--~--~~--~ 
.06 .I .2 .3 .4 .5 .6 .7 .8 .9 I. 1.5 
FREQUENCY {KHZ) 
Figure 77. One-Tenth Octave Spectogram for Muffler without Flow. Random Noise, 
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Figure 78. One-Tenth Octave Spectograrn for Muffler without Flow. Random Noise, 
Incident Sound Pressure = 120 dB near 250 Hz 
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The simulated exhaust noise used for testing the muffler 
was obtained by playing actual recorded exhaust noise through 
the acoustic driver via a General Radio Realtime analyzer. 
The microphone was located relative to the open end of the 
straight pipe (23 1/2 inches behind, 18 inches to the side 
and 6 inches above) as when the original exhaust noise was 
recorded ~ The gains on the various 1/3-oct.ave filters of 
the realtime analyzer were then adjusted until the simulated 
spectrum approximated the original spectrum. The actual 
spectrum and the simulated spectrum as measured in the room 
and inside the tube are shown in Figures 79 through 81 for 
engine speeds of 700 RPM and 1640 RPM. As can be seen in 
these figures, the simulated spectra approximate the original 
spectra in shape, but show magnitudes which are less than 
those of the original spectra by 30 dB or more in all 
frequency bands. The magnitudes of the simulated spectra 
were limited By the capacity of the acoustic driver avai l ab l e 
for this investigation. The simulated exhaus t noise spectra, 
measured inside the tube reached value of 125 dB near the 
resonant frequency (250 Hz) of the resonator component of 
the muffler and values of up to 138 dB in some frequency 
bands. The flow Mach numbers corresponding to engine speeds 
of 700 RPM and 1640 RPM were 0 . 03 and 0.067 respectively, 
so flow Mach numbers of 0.042 and 0 . 083 were used for 
simulation at 700 and 1640 RPM respectively . The simulated 
exhaust noise and the flow noise inside the tube are shown 
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Figure 81, Comparison of Simulated Exhaust Noise at 1640 RPM and Flow Noise 
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Figure 82. Flow Noise Inside the Standing-Wave Tube at Mach 0.083 
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the tuoe was significantly above the flow noise (10 dB or 
more) for all the frequencies above 75 Hz. 
1 78 
One-tenth octave frequency analyses for the muffler 
terminated with a tailpipe is shown in Figures 83 through 
88, and typical insertion loss values are shown in Figures 
89 and 90. As was pointed out earlier, the insertion loss 
of the muffler with simulated exhaust-noise excitation show-
ed much scatter from the theoretical values, for the no-flow 
case. This trend was also observed for flow Mach numbers 
of 0,042 and 0 . 083, as can be seen from Figures 89 and 90. 
No pure-tone measurements, similar to those made in the 
absence of flow ( .measurements were made inside the tube at 
a location 1 inch from the open end), could be made in the 
presence of flow for comparison. The measurements performed 
with heated flow (150°F) showed trends similar to those Ob· 
served for the cold~flow measurements. The measured inser-
tion loss near the resonant frequency of the resonator 
component was observed to decrease as the f low Mach number 
increased . An overall insertion loss of about 6 dB (on the 
flat response scale) was observed for the muffler and tail-
p ipe f or the various engine speeds and flow rates. 
The insertion loss of the muffler was significantly 
increased by the use of a dissipative element (1 1/2 - inch 
thick steel wool lining) in the expansion chamber. An 
overall insertion loss of 13 dB was .o·btained on~ the flat 
response scale while an overall insertion loss of 20 . 5 dBA 
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Figure 83. One~Tenth Octave Spectogram for Muffler without Flow, 
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Figure 84. One-Tenth Octave Spectogram for Muffler without Flow. 
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Figure 85, One-Tenth Octave Spectograrn for Muffler with Flow Mach Number of 
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Figure 86, One~Tenth Octave Spectogram for Muffler without Flow. 
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Figure 87, One-Tenth Octave Spectogram for Muffler with Flow Mach Number of 
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Figure 88. One-Tenth Octave Spectogram for Muffler with Heated Flow Mach Number 
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Figure 89. Insertion Loss of Muffler Terminated with 48-inch Tailpipe with Flow 
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Figure 90 , Insertion Loss of Muffler Terminated with 48-inch Tailpipe with Flow 




for the muffler with steel wool lining is shown in Figure 
91, and the insertion loss of the muffler with and without 
a steel wool lining is shown in Figure 92 both for simulated 
exhaust noise and single-pulse excitations. As can be 
seen, the use of a dissipative element in the muffler in-
creased its insertion-loss characteristics appreciably in 
all frequency bands above 200 Hz. The response of the muffler 
with and without a dissipative lining showed very similar 
trends above 425 Hz both for the simulated exhaust noise and 
single-pulse excitations_ However, below 375 Hz the 
response to single-pulse excitation was much less than the 
response to simulated exhaust noise. In either case, there 
w.s significant deviation from the theoretical prediction, 
which was based on pure-tone steady~state excitation. 
The prototype muffler was also tested with "back-off" 
noise from 1640 RPM. Because of the instantaneous nature of 
the "back-off" noise, the analysis was made at the slowest 
analyzing speed possible. Even though the pen movement at 
the low analyzing speed was significant, the average sound 
pressure levels could be estimated. The result of the "back 
-off" noise test is shown in Figure 93 in terms of the 
estimated average sound pressure levels. The behavior of 
the muffler under simulated exhaust "back-off" noise from 
1640 RPM was similar to the behavior of the muffler with 
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Figure 92, Comparison of the No~Flow Insertion Loss of Lined and Unlined Muffler 
under Single Pulse and Simulated Exhaust Noise Excitations, 
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VI I. SUMMARY, CONCLUSIONS AND I\ECO!''P'-1ENDATlONS 
The principal objective of this investigation was to 
develop criteria and procedures which would reduce the on-
vehicle trial-and-error approach to the design of automotive 
exhaust mufflers. Because automotive exhaust noise is 
composed of high-amplitude sound waves (up to 165 dB in the 
exhaust pipe) propagating in a high- temperature (up to 1400° 
R) flowing medium, a study of typical muffler elements, in 
the presence of high-amplitude sound waves, flow, and elevated 
temperature, was first undertaken. The various muffler 
elements (side-branch resonators, expansion chambers and 
louvered tubes) and their combinations were first tested 
under anechoic conditions in order to determine their char ~ 
acteristics, and then with finite-tailpipe terminations in 
order to determine their characteristics when installed in a 
real system, The sound sources used in this study included 
pure tones, sinusoidal single-cycle pulses, random noise and 
simulated automobile exhaust noise . 
The pure-tone tests indicated that in the absence of 
flow, the response of side-branch resonators was influenced 
by the magnitude of the incident pressure while the response 
of expansion chambers showed no dependence on the magnitude 
of the incident pressure, for incident pressure levels of up 
to 153 dB. The effect of finite-amplitude pressure was more 
signigicant in the resist i ve component of the resonator 
i mpedance t~afi in the reactive component. For inc~dent 
192 
pressure levels below 112 dB (linear region of resistance), 
the resonator resistance was independent of pressure and 
was expressible in the form 
1 ( 8 ) ~ 
= PllW (t + d (1 + ) ) S d 0 Yr 
0 0 
7.1 
where Yr = empirical resistance end~correction coefficient. 
For incident pressure levels above 112 dB (the nonlinear 
region of resistance), the resonator resistance increased 
with increasing pressure amplitude and was expressible as 




where Br empirical constant. 
The pure-tone studies of the effects of flow on acoustic 
elements showed that flow past a side-branch resonator in-
creased the resonator resistance and decreased its reactance, 
resulting in the decrease of the resonator peak attenuation 
and an upward shift of the resonant frequency of the resona-
tor. In the presence of flow, the ratio of the flow to no-
flow resistance was found to decrease as the incident sound 
pressure was increased from a low value to a critical value 
of about 126 dB. As the pressure increased above the 
critical incident pressure, the resistance ratio remained 
constant . In this region, the resonator resistance followed 
the trend reported by Garrison, et al. (17), viz., 
where RbNF = resonator resistance in the absence of flow. 
For incident sound-pressure levels less than ~26 dB the 
' 
ratio of the flow to no-flow resistance was obtained from 
empirical curves. The effective length of the resonator 
neck in the presence of flow was best described by 
193 
7.3 
9,eff = £eff (1 - 2 .19M) 
v NF 7.4 
where 9,eff NF 
M 
effective length in the absence of flow 
flow Mach number 
The effect of flow up to Mach 0.083 on the response of 
louvered tubes was negligible, while the effect of flow on 
the response of expansion chambers . was to slightly increase 
the peak attenuation. The behavior of expansion chambers in 
the presence of flow was in agreement with the theoretical 
development, which was a combination of the theories of 
Ronneberger (33) and Powell (22) for a plane expansion and 
a plane contraction. The characteristic reflection and 
transmission factors of plane expansion and contraction, 
which were functions of Mach numbers and area ratios, were 
combined using the linear-theory method outlined by Gatley 
(30) to obtain the response of expansion chambeTs. 
For both cold and heated flows, the flow Mach number 
was successfully used as the only flow parameter influencing 
the response of the various acoustic elements tested. 
The results of the pure-tone tests both in the absence 
194 
and presence of flow showed that the response of side-branch 
resonators and expansion chambers could be obtained using 
linear acoustic theory with the appropriate empirical and 
theoretical corrections (given in this thesis) to account 
for the effects of finite~am~litude waves and flow, 
Tfie Behavior of side-.branch resonators and expansion 
chambers under single-pulse excitation was also investigated. 
The results revealed that under single-pulse excitation, the 
resonator resistance was from 11 to 14 times the value of 
the resistance obtained with steady-state (pure-tone) ex-
citation, while the reactance remained essentially the same 
for both cases. The response of the resonator was also 
observed to be significantly reduced near resonance, which 
would be expected from the increased resistance. The res-
ponse of expansion chambers under single-pulse excitation 
was for the most part constant and did not exhibit the 
frequency dependence obtained with pure-tone excitation. 
For the 30-inch expansion chamber, for example, the 
response (transmission loss) was nearly equal to the value 
which would be obtained if no internal reflections occurred 
in the expansion chamber. With single-pulse excitation, 
internal reflections inside the expansion chamber are few 
rather than infinite in number (as is ususlly assumed for 
steady-state excitations). 
Theoretical modeling of acoustic filters terminated by 
a finite tailpipe was successfully performed using the 
approximate reflection factor (which was experimentally 
195 
verified in this -investigation) of an unflanged circular 
tube derived by Levine and Schwinger (33), Good agreement 
between theoretical predictions and experimental response 
was obtained both for flow and no-flow cases under random-
noise excitation. 
Significant sound generation by flow past side-branch 
resonators was observed . Both the magnitude and the fre-
quency of the sound generated by flow past a resonator were 
found to depend not only on the flow ~ach number, but also 
on the length of the tailpipe termination. The "self noise" 
of the resonator, which was believed to be caused by flow 
turbulence at the resoantor neck, was successfully elimina-
ted by the use of a wire screen at the resonator neck . 
The response of a simple prototype muffler consisting 
of a single chamber resonator followed by an expansion 
chamber showed some deviations from theoretical predictions 
when tested with simulated automobile exhaust noise. 
However, when tested with pure-tone and random noise exci-
tations whose amplitudes were of the same order of magnitude 
(near the resonance of the resonator component) as those 
of the simulated exhaust noise, the muffler response was in 
good agreement with theoretical predictions. The response 
of the muffler to single-pulse excitation was similar to 
t~e response to simulated exhaust noise above 425 Hz. Below 
a frequency of 375 Hz, however, the response to single-pulse 
excitation was much lower. The performance of the prototype 
·:JIJU1;'i;lel:', unde:v s.~ulated exhaust -:- noise excitation, was greatly 
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improved by the use of a dissipative element. An overall 
insertion loss of 20.5 dBA was obtained with the prototype 
muffler containing a dissipative element in the form of 
1 1/2-inch thick steel wool lining, while an overall inser-
tion loss of 14 dBA was obtained with the unlined muffler. 
An exact formulation of a theory for the behavior 
of acoustic elem~nts under automobile exhaust noise exci-
tation could not be made. However, all indications show 
that automobile exhaust noise affects reactive acoustic el-
ements in a manner similar to single-pulse excitation. 
That is to say, side-branch resonators exhibit much greater 
resistive impedance, and expansion chambers act as though 
internal reflections are finite rather than infinite as 
assumed by steady-state theory. 
The findings reported here indicate that linear acoustic 
theory, even after some modifications to include the effects 
of finite-amplitude waves and flow have been made, is not 
quite adequate for automobile exhaust muffler design. This 
deficiency is attributed mainly to the fact that automobile 
exhaust noise is composed of pulsating sound rather than 
steady-state sound which is assumed in linear acoustic 
theory. Nevertheless, effective automotive exhaust muffler 
design and testing can be achieved in the laboratory using 
the procedure and criteria outlined below, 
(1). A typical spectrum of the exhaust noise to be 
silenced sould be available. Measurement of the spectrum 
outside the exhaust pipe is adequate for this purpose. An 
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app~oximate estimate of the magnitude of the exhaust noise 
inside the exhaust pipe can be made by adding 20 - 30 dB 
to the actual spectrum measured outside the exhaust pipe 
(at a location about 6 inches from and 6 inches to the side 
of the exhaust pipe) in the frequency range below about 500 
Hz. Above 500 Hz, exhaust noise is not very significant for 
engine speeds up to 3000 RPM and is not of much concern in 
muffler design. An estimation of the flow Mach number in 
the exhaust pipe should also be available. In most cases, 
the Mach number would be less than 0.20 inside the exhaust 
p~pe, and the magnitude of the exhaust noise in the fre-
quency range of interest (inside the exhaust pipe) would 
be greater than 130 dB. 
(2). From step (1) the conditions inside the exhaust 
pipe, in terms of pressure magnitude and flow Mach number, 
are established. These conditions are used for the design 
of the resonator component of the muffler. Assuming a 
steady-state sound field (e.g. pure tones), the response 
of the resonator component is obtained from 
and 
puo 
Rb = S -rs v '-0 






P = estimated pressure inside the tailpipe 
gc = gravitational constant 
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In order to obtain the approximate response of the 
resonator component to exhaust noise, the resistance of the 
resonator is written as 
7.8 
where a= empirical constant (with a value of 11 -14). 
(3). In the design of the expansion-chamber component 
of the muffler, the expansion chamber is assumed, as a 
first approximation, to act as though there were no internal 
reflections present. This implies that the area ratio of 
the expansion chamber is the critical parameter in its design 
since its response is then determined by the product of the 
transmission factors of the sudden expansion and contraction 
of the chamber. The appropriate transmission factors are 
given in equations (3.llb) and (3.7d). 
(4). Tailpipe-length selection is done on the basis 
that the tailpipe resonances, fct' are, approximately, given 
by 
c n = 1, 2, 3, ... 7 .9 n, 
2 tt 
where tt tailpipe length. None of the tailpipe resonances 
should coinctde ~ith the ~ eson~nt frequenc y o ~ the r esonator 
component , The resonant frequency o f the resonator should 
be about 25 Hz greater or less than the nearest ta i l p i p e 
resonance. 
(5). After the muffler design is completed, a testing 
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program is then carried out in the laboratory, using 
simulated exhaust noise and an appropriate flow Mach number. 
Evaluation of the muffler should be made using "insertion 
loss" criteria, and a decis i on ·then made as to whether 
r e d e sign i s needed, or whether the muffler performance could 
be improved by the use of a dissipative element, or both. 
It is recommended that future investigations include ; 
(1) Comparison of the performance (in terms of inser-
tion loss) of production mufflers and/or various acoustic 
elements (such as side-branch resonators and expansion 
chambers), using (a) actual automobile exhaust noise and 
(b) tape-recorded automobile exhaust noise in the laboratory~ 
The results will indicate whether the laboratory muffler-
design procedure proposed in this thesis is adequate or not. 
(2) Further investigation of single-pulse versus 
pure - tone testing. This should involve the study of the 
mechanism and amount of acoustic dissipation in orifices 
and short tubes under sing le-pulse excitations . The effect 
of the time between pulses might be significant . 
(3) Determination of the magnitude and frequency of 
"self-noise" of side-branch resonators (with single holes) 
as a function of the Mach number of flow past the resonator 
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LIST OF EQUIPMENT 
1. General Radio Co., Beat-Frequency Audio Generator, 
Type 1304-B, Serial Number 3276. 
2. General Radio Co., Sound and Vibration Analyzer, 
Type 1564-A, Serial Number 1184. 
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3. General Radio Co., Graphic Level Recorder, Type 1521-B, 
Serial Number 2369. 
4. General Radio Co., Sound-Level Meter, Type 1551-C, 
Serial Number 6208. 
5. General Radio Co., Sound-Level Calibrator, Type 1562-A, 
Serial Number 322. 
6. General Radio Co., Ceramic Microphone, Type 1560-P5, 
Serial Number 1601. 
7. General Radio Co., Ceramic Microphone, Type 1560-P5, 
Serial Number 8925. 
8. General Radio Co., Ceramic Microphone, Type 1560-P5, 
Serial Number 4211. 
9. General Radio Co., Preamplifier, Type 1560-P 40. 
10. General Radio Co., Electronic Counter, Type 1151-AP, 
Serial Number 152. 
11. Bruel and Kjaer Co . , Electric Voltmeter 2-200000 c/s, 
Type 2416, Serial Number 186526. 
12. Bruel and Kjaer Co., Electronic Voltmeter 2-200000 c/s, 
Type 2409, Serial Number 291216. 
13. ADYU Electronics, Inc., Precision Phase Meter, Type 
4066, Serial Number 33991. 
14. Dynakit, Mark IV 40 Watt Amplifier, Serial Number 
8741024. 
15. Eico, Stereo Amplifier, Model 3070W, Serial Number 
70303. 
16. J.B. Lansing Sound, Inc., High Frequency Driver, 
Model 375HP., Serial Number 8257. 
17. Tektronix Dual Beam Storage Oscilloscope, Type 564, 
Serial Number 7764. 
18. General Radio Co., Data Recorder, Type 1525-A, 
Serial No. 119. 
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19. Tandberg Radiofabrikk A/S, Tape Recorder, Model 11-2-
C31, Serial No. 2302269. 
20. General Radio Co., Real Time Analyzer, Type 1921, 
Serial No. 2907. 
APPENDIX B 
RANGE OF ACOUSTIC PRESSURES USED FOR EVALUATING 
THE PERFOR~~NCE OF ACOUSTIC ELEMENTS 
TABLE V. Resonator Elements 
Maximum 
206 
Incident Pressure Incident Pressure 
Figure Number Near Resonance, dB Off-Resonance, dB 
27 109 136 
28 101 138 
29 99 135 
30 93 124 
31 103 112 
34 116 136 
35 112 130 
36 109 138 
37 112 130 
38 106 130 
40 122 136 
41 124 139 
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Range of Incident 
Pressures, dB 
120 - 133 
118 ""' 140 
110 - 130 
103 - 136 
102 - 116 
130 - 140 
103 - 136 
98 - 111 
98 - 111 
98 - 111 
124 - 134 
130 - 139 
TABLE VII. Combinations of Acoustic Elements 
Figure Number 
Incident Pressure Near 
the Resonance of the 
Resonator Component, dB 
~-1aximum 
Incident Pressure 
Off-Resonance, dB 
54 
55 
56 
57 
58 
59 
60 
61 
106 
109 
104 
128 
135 
104 
128 
133 
140 
140 
121 
136 
140 
120 
136 
140 
